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CHAPTER 1

INTRODUCTION TO SEMICONDUCTOR NANOWIRES

1.1. Introduction

The �eld of nanotechnology has attracted a lot of research interest since 1974 when

Esaki and Chang [13] reported resonant tunneling across potential barriers in nanostructures.

Around the same time, Dingle et al [35] observed quantum con�nement in semiconductor

quantum wells. These discoveries have motivated researchers world wide to study and demon-

strate quantum e�ects in semiconductor nanostructures as well as engineer the properties of

such materials to enable novel device applications. The microelectronics industry has over the

past decade focused on device miniaturization with the goal of producing smaller and faster

electronic systems that would require low power consumption. This has become possible

because of progress in synthesis and characterization tools of nanostructured materials. The

term "nano" represents one billionth part of a meter. Nanomaterials are in most cases engi-

neered, such that their physical size in at least one dimension is less than or equal to 100 nm.

At such small physical dimensions, the properties of the material will be controlled by its size

and surface, thus enabling entirely new device concepts to emerge. The goal of nanotech-

nology is to fabricate unique structures whose size dependent properties will usher in a new

era of device miniaturization. Device miniaturization is inspired by Moore's law (Figure 1.1)

which states that "the number of transistors incorporated in a chip will approximately double

every 24 months". Miniaturization in integrated chips and transistors have led to the rapid

development of computer technology. The �rst transistor was invented in Bell Labs in 1947

(Figure 1.2(a)) for the replacement of the vacuum tube, which had a size of 3-4 cms. With

the advent of the CMOS (complementary metal oxide semiconductor) technology, transistor

sizes were reduced to 90 nm, 60 nm, and 45 nm which was a million times smaller then the

the �rst transistor. The current Intel transistors have a size of 32 nm. In 1971, the �rst Intel
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Figure 1.1. Moores law which describes the trend of computing hardware Intel website

processor had 2300 transistors with a feature size of 10 �m; the present processor 10-Core

Xeon Westmere-EX has 2.6�109 transistors with a feature size of 32 nm. Miniaturization of

ICs (integrated chips) and transistors (Figure 1.2(b)) has led to improved performance, lower

power consumption, reduced size home appliances like microwaves, remote controls, memory

sticks, laptops and cell phones as well as driven down the cost of such appliances. Nanoscale

materials could either be 2-dimensional (2-D), 1-dimensional (1-D) or 0-dimensional (0-D).

An example of a 2-D nanostructure is the quantum well, in which carriers are con�ned in

one direction with two dimensional degree of freedom. One-dimenctional nanostructures are

nanowires and nanotubes in which the carriers are con�ned in two dimensions and they have

only one degree of freedom.

1.2. Approaches to Miniaturization

There are two approaches that enable size reduction in materials: 1) top-down ap-

proach, and 2) bottom-up approach.
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Figure 1.2. (a) The �rst transistor developed in 1947, called point contact

transistor; (b) change of the shape of transistor with generations. Source: Bell

Labs

1.2.1. Top-down Approach

In the top-down approach, a bulk material is patterned using photolithography or elec-

tron beam lithography to produce micron size features on the material. However, lithography

techniques have a resolution limit, which dictates that the device features cannot be reduced

below � 1 �m. This is because the di�raction limit poses a fundamental restriction to the

resolution that can be achieved in photolithography using light of a given wavelength. More-

over, lithography requires the use of sophisticated equipment and this serves to increase the

cost of electronic devices.

1.2.2. Promises of Bottom-up Approach

This approach enables researchers to go beyond the size limitations imposed by the

top-down approach. Nanostructure materials synthesized by the bottom-up approach use

chemically synthesized, atomic scale building blocks, similar to the use of proteins in nature

to build complex living systems. In this approach, atoms and molecules self assemble on a

growth substrate to produce low dimensional structures, thus enabling a quantum jump in

3



miniaturization and device performance. This approach has made it possible to use nanoscale

building blocks to be integrated into unique device architectures with well de�ned and con-

trolled functions. It has led to intense research in quantum devices such as spin based

transistors [24], quantum computing [17] and sophisticated digital systems [19].

1.3. Semiconductor Nanowires

Due to their extensive applications in nanoscale electronics, chemical sensing and op-

toelectronic devices, researchers have synthesized nanowires as single crystals with properties

that can be controlled in terms of their chemical composition, doping, electronic and optical

properties as well as their physical dimensions such as their length, diameter and aerial den-

sity. These developments have led to huge advances in the fabrication of nanoscale devices

such as sensors [30, 33, 47], light-emitting diodes [8, 4], �eld e�ect transistors [39, 2], bat-

teries [5]. Semiconductor nanowires have been assembled into various device architectures,

enabling the fabrication of complex logic gates, complementary inverters and computational

circuits. Semiconductor nanowires have a unique advantage to carbon nanotubes. This is

because the diameter and hellicity of single walled carbon nanotubes determine if they are

metallic or semiconducting. In contrast, the properties of a semiconductor nanowire such as

its size, morphology, optical and electronic properties can be precisely controlled during its

synthesis. The large exposed surface areas of nanowires provide an additional degree of free-

dom to engineer their properties through techniques of surface modi�cation including surface

passivation and etching.

1.4. Background and Motivation for the Development of In2O3 Nanowires

The growth of In2O3 nanowires has been reported by many groups, with the �rst study

of In2O3 nanobelts reported in 2001 [46]. In2O3 is a transparent metal oxide semiconductor

with a wide band gap (direct band gap of 3.5-3.76 eV and indirect band gap of 2.6 eV).

This material can be synthesized as nanostructures using various approaches, vapor-phase

epitaxy [18], thermal evaporation [32] and solution based processing [45]. In most of these
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cases, except in solution based processing, a metal catalyst is used to initiate the growth of

nanowire, by a technique called the vapor{liquid{solid (VLS) growth mechanism that was �rst

proposed by Wagner and Ellis and which is explained in detailed in Chapter 2. The interest in

In2O3 is based on their unique optical and electronic properties which has led to them becom-

ing alternate fundamental materials in science and technology. In2O3 has received attention

in gas sensing applications, due to the conductance modulation attributed to electron transfer

between the sensing material and the gas molecules to be detected, as oxidizing species can

serve as electron withdrawing groups and thus alter the carrier concentration of semicon-

ducting In2O3, especially in detection of NH3, CO, NO2 and in this regard nanowires have

an advantage over thin �lms because the high surface-to-volume ratio of nanowires implies

increased sensitivity due to a higher reaction time.

1.4.1. Gas Sensing

Research activities on developing sensitive gas sensors has been triggered by the de-

mand for better environmental control and safety. The last decade has witnessed several

major accidents like the coal mining and oil drilling accidents. In all these cases, harmful

gases have been emitted into the environment. There is an urgent need to develop simple

gas sensors to detect and monitor the concentration of toxic gases in the environment. Semi-

conductor gas sensors use the chemical sensitivity of their surfaces to sense the presence of

various gases. The most commonly used sensing materials are the n-type metal oxides. In

these cases, the sensor works by changing the electrical resistance of the materials in response

to a change in the gas atmosphere. Gas sensors using metal oxides like tin oxide and zinc

oxide have been extensively investigated. Current research has focused on developing other

materials like In2O3 for gas sensing applications. Since nanowires have a large surface to

volume ratio, they are expected to be very sensitive gas sensors. Hence, the e�orts of this

thesis are directed towards developing In2O3 nanowires as e�cient gas sensors.
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1.5. Thesis Objectives

The focus of this thesis is to determine its suitability of high quality In2O3 nanowires

in the development of an e�cient gas sensor. This is made possible by the synthesis of defect

free In2O3 nanowires and a measurement of their optical and transport properties. In the �rst

part of this thesis I present results on the synthesis, optical and electrical characterization

of In2O3 nanowires. I use these results to con�rm the role of surface states and verify the

presence of a high concentration of O2 vacancies that exist in the nanowires as a result of the

high temperature growth process. In this section, I use post growth annealing and passivation

techniques to reduce the defect concentration in In2O3 nanowires, a fact that was con�rmed

by photoluminescence (PL) spectroscopy. The role of intrinsic defects in these nanowires

were also con�rmed through transport measurements on a single nanowire. Most of the

published work so far has focused on the synthesis of In2O3 nanowires. I believe this work is

the �rst attempt at con�rming the presence of native point defects defects and their role on

the optical and electronic behavior of In2O3 nanowires

The second part of this thesis is devoted to developing In2O3 nanowires for gas sensing

applications. A single nanowire mounted between two Au electrodes in a specially designed

gas enclosure showed strong sensitivity to CH3OH and NH3. This is particularly promising

for the development of nanoscale gas sensors that could revolutionize current technology

since these nanoscale sensors could be mounted on tiny surfaces such as badges worn by coal

miners, or on uniforms worn by soldiers exposed to chemicals.

1.6. Outline of the Thesis

This thesis focuses on four di�erent areas:

1) Synthesis and characterization of In2O3 nanowires.

2) Study of electrical properties, and temperature dependent conductivity behavior.

3) Study of oxygen vacancies and surface defects in visible emission.

4) Gas sensing applications.
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Chapter 1 presents a systematic study on the various approaches and development of nan-

otechnology, with a discussion of the thesis objectives. Chapter 2 describes the synthesis

process of In2O3 nanowires using the standard VLS growth mechanism, in a high tempera-

ture chemical vapor deposition (CVD) system. The factors a�ecting the composition and

morphology of the nanowires is also discussed. In Chapter 3, results of structural and com-

position characterization are presented, using tools such as the scanning electron microscope

(SEM), high resolution transmission electron microscope (HRTEM) with energy dispersive

X-ray spectroscopy (EDXS), X-ray di�raction (XRD) and Raman spectroscopy. Chapter 4

discusses results based on the optical characterization of In2O3 nanowires, with details on

the experimental setup of photoluminescence excitation(PLE) and photoluminescence (PL)

measurements. PL measurements on the as-grown sample, con�rm the existence of a high

concentration of intrinsic defects in the nanowires. Chapter 5 presents a discussion on the

role of point defects that exist in high concentration on the nanowire surface. The e�ect of

such defects on the optical and electronic properties of the nanowire is presented along with

techniques to reduce their e�ect through treatments like surface etching and passivation. A

comparison of the PL spectra before and after surface etching followed by surface passiva-

tion shows an improvement in the optical quality of In2O3 nanowires, which is attributed to

a reduction of surface defects . Chapter 6 discusses transport measurements on single In2O3

nanowire. Fabrication of a 3-terminal device in a �eld e�ect transistor (FET) con�guration

and a study of variation in wire resistance with temperature enables determination of intrinsic

material parameters such as carrier concentration, mobility, transconductance and tempera-

ture coe�cient of resistance. In Chapter 7, I present the performance of a single nanowire as

an e�ective gas sensor. Chapter 8 summarizes the �ndings of this work and presents scope

of future works to further develop this project.
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CHAPTER 2

SYNTHESIS OF INDIUM OXIDE NANOWIRES

2.1. Introduction

One directional crystallization is the key to the growth of nanowires, which fol-

lows a bottom up approach of synthesis. The two established techniques for the synthe-

sis of nanowires are: physical vapor deposition (PVD) [31] and chemical vapor deposition

(CVD) [47]. Physical vapor deposition (PVD) involves the use of sophisticated growth equip-

ment like the molecular beam epitaxy (MBE) [6], chemical beam epitaxy (CBE) [1], laser

oblation [6] and thermal evaporation [32]. The PVD growth processes require ultra-high vac-

uum. In comparison, CVD is a more versatile technique; the vacuum requirements are lower

and it is also economically viable. Metal organic chemical vapor deposition [20] is an example

of the CVD growth strategy, but it involves the use of metal-organics and high vacuum.

The CVD process on the other hand allows for growth at ambient pressure or relatively low

vacuum. No matter what the growth technique, the basic principle that guides the growth

of nanowires is breaking the growth symmetry (either physically or chemically) to prevent

the growth of crystallites and to enable the vapor-liquid-solid (VLS) growth mechanism. The

VLS mechanism involves the use of a metal catalyst, often referred to as the `seed' to con�ne

the growth of a crystal to one dimension. This mechanism involves three stages:

(i) Formation of a liquid alloy droplet involving the catalyst and the substrate on which the

nanowire is to be grown

(ii) The material to be synthesized in the form of a nanowire is introduced as a vapor, which

adsorbs on to the liquid surface, and di�uses in to the droplet

(iii) Supersaturation of the alloyed droplet followed by nucleation of a single crystal at the

liquid/solid interface leading to axial crystal growth

There are several important features that need to be controlled when developing the growth
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procedure for nanowires. This includes a critical control of the growth parameters such as

temperature, pressure and growth rates, so that the synthesized nanowires have well con-

trolled dimension, shape, morphology and composition.

2.2. Vapor-Liquid-Solid Mechanism

Wagner and Ellis proposed the VLS growth mechanism in 1964 [37] to explain the

growth of Si whiskers using Au as metal catalyst. This growth mechanism explains the

formation of a uni-directional crystal through the introduction of a liquid alloy (catalyst),

which rapidly adsorbs vapors to supersaturation levels leading to the formation of nucleated

seeds. Crystal growth occurs from these nucleated seeds at the liquid-solid interface.

In this chapter, the VLS growth mechanism in relation to the growth of In2O3 nanowires

is explained, through the following steps:

1. A thin `Au' or `In' �lm <100 nm is thermally evaporated onto a Si(111) substrate.

2. The Si substrate is annealed to a temperature that is higher than the Au-Si or In-Si eutec-

tic point. For Au-Si, this temperature is about 363�C; whereas for In-Si, it is about 280�C.

This process results in the formation of Au-Si or In-Si alloyed droplets on the surface of `Si'

substrate.

3. These alloyed droplets on the substrate surface serves to lower the activation energy of

normal vapor-solid growth. It serves as the site where vapors of incoming `In' and 'O2' are

adsorbed.

4. As more and more vapors of `In' and 'O2' impinge on the alloyed droplet, they get satu-

rated and eventually super-saturated with `In' and 'O2', causing a solid phase to precipitate

out of the alloyed droplet (Figure 2.2). This precipitation of the solid phase leads to the

formation of In2O3 nanowires.

5. Nanowire growth continues until such time that the temperature is high enough to maintain

the alloyed droplets in its molten state and su�cient vapor of `In' and 'O2' are supplied.

Figure 2.1 shows the schematic of catalyst droplet formation and whisker growth. The
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shape of the droplet, i.e the contact angle (�0) and the magnitude of the droplet interface

is dependent on the catalyst material used and the amount of oxide layer on the surface of

the wafer. The shape and radius R of the droplet depends on the radius of the contact area

ro and the contact angle �0 which can be de�ned by Young's constant as shown in equation

(1):

(1) R = r0=sin(�0):

Figure 2.1. Schematic of catalyst droplet formation and whisker growth.

The droplet size and shape is also dependent on surface (�s) and the liquid-solid

interface (�ls). When the initial droplet is in nano-sized, the tension (�) comes into action

which inuences the contact area. Large line tensions causes nano-hillock growth which

results in preventing nanowire growth. These e�ects are described by equation (2):

(2) �1cos(�0) = �s � �ls � �=r0:

As the growth time increases, the contact angle �0 increases. The growing nanowire has a

height increase of `dh' and a decrease in the contact area, represented by `dr'. As the growth

continues the the inclination angle � increases which is set to zero before the whisker growth.

All these parameters are represented in Figure 2.1. The diameter of the nanowire depends on

10



the size of the alloyed droplet and the minimum radius of this droplet is given by equation(3):

(3) Rmin = (2Vl)=(RT ln(s))�lv :

where Rmin minimum radius of the nanowire, Vl is molar volume of alloy droplet, �lv is the

liquid-vapor surface energy and s is degree of super-saturation of vapor.

During VLS growth of nanowires, the rate at which nanowires grow is dependent on

their diameter: the larger the nanowire diameter, the faster the nanowire grows axially is

given by equation(4):

(4) �� = ��0 � 4�
=d:

The thermodynamic driving force for the growth is the di�erence of chemical potentials

between the vapor and the substrate, ��0 = �v��s , determined by the substrate temperature

T and the deposition rate V (nm/s). Where �v is vapor chemical potential, �s is substrate

chemical potential. The chemical potential of adatoms(�a) far away from the nanowire is

lower than �v due to surface nucleation. The di�erence in chemical potential between the

adatoms and the substrate far away from the nanowire is �� = �a � �s . 
 is the indium

atomic value and � is the speci�c free energy of the wire surface.

A schematic of the VLS growth mechanism starting with the substrate of choice

and the formation of the alloyed droplet, leading to the growth of the nanowire is shown in

Figure 2.2. The choice of the metal catalyst that initiates the growth of the nanowire is

signi�cant. The metal catalyst must be chosen in such a way if it can change into liquid

phase with the growth material at the growth temperature. These critical temperatures are

determined by a binary phase diagram. A phase diagram shows the conditions at which ther-

modynamically distinct phases can occur at equilibrium. It shows the pressure-temperature

space, the lines of equilibrium or phase boundaries between the solid, liquid, and gas phases.

The In2O3 nanowires were synthesized using `Au' or indium as metal catalysts. In the case

11



Figure 2.2. Schematic of representation of levels in VLS growth

of indium, a phase diagram is not required since indium serves as the catalyst and also as the

component material in In2O3 growth.

A binary phase diagram (shown in Figure 2.3 consists of single phase regions, two

phase regions and horizontal lines of three phase equilibrium. The horizontal lines of three

phase equilibrium is a boundary for three two phase regions. One such line is the eutectic

line which has 2 two phase regions (shaded green) above the line and 1 two phase region

(shaded blue) below the line. When `Au' is used as the metal catalyst for the growth of In2O3

nanowires, the `Au-Si' phase diagram is used [3] which has a eutectic line at about 370�C.

This means that Au �rst forms a molten droplet with the underlying Si substrate when the

furnace temperature is raised to 370�C. In the absence of a continuous supply of Si, as the

temperature is further increased, this alloyed droplet begins to react with incoming vapors of

In and O2. A ternary phase diagram involving Au-In-O2 was not available and so the phase

diagram of Au-In was used as a reference.

The phase diagram shown in Figure 2.4 shows the phases formed with di�erent mix-

tures of `In' and `Au' over the range of temperature. The Au-In phase diagram predicts

that there are three eutectic points at 456.5�C, 454.3�C and 495.4�C, occurring at di�er-

12



Figure 2.3. Schematic representation of Au-In phase diagram which shows the

phases during VLS growth

ent In weight percentage. Solid state di�usion between `Au' and `In' shows that the alloy

can be either 'AuIn2' or 'AuIn'. The growth temperature was raised above 650�C, so as to

have all the components in liquid phase. Hence, the In2O3 nanowires were synthesized at

a temperature of 700�C, where the alloyed droplet comprising of Au, In and O2 co-exist in

molten form. As the concentration of In and O2 is increased in the alloyed droplet, at the

constant temperature of 700�C, growth of the nanowire commences as a solid phase begins

to precipitate out of the moltne droplet.

2.3. Experimental Details

The In2O3 nanowires were grown on Si substrates using the standard VLS tech-

nique [34, 44] in a high temperature chemical vapor deposition (CVD) system shown in

Figure 2.5. The furnace is a three zone resistance heated furnace. The extended uniform

temperature zone can be obtained by the using three control zones. The two end zones will

follow the central zone in a master-slave approach. The temperature of the master zone can

be increased until 1200�C and the slave zones can be set � 200�C above or below the master

zone temperature. For the growth of In2O3 nanowire the source and the substrate are placed
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Figure 2.4. Au-In phase diagram which shows the phases during VLS growth

exactly at the middle of the furnace as shown in Figure 2.5, so that the temperature can be

controlled by master zone.

Figure 2.5. Schematic of experimental setup for the growth of In2O3 nanowires

Pure indium powder (Alfa Aesar, 99.99 %) was used as the solid precursor. A thin
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layer of indium or Au �lm was evaporated on a Si (111) wafer to initiate the growth of

In2O3 nanowires. The indium powder was loaded into an alumina boat and the indium coated

silicon substrate placed face down on top of the alumina boat, which was placed in the

constant temperature zone of a high temperature furnace. Ar gas was passed through a

bubbler �lled with H2O and this wet gas mixture was allowed to ow into the reaction tube.

Under a constant ow of wet Ar (100 sccm) gas, the furnace was rapidly heated at a rate of

60�Cmin�1 to a temperature of 700�C and held at this temperature for a period of 1.5 hours

to facilitate growth of long In2O3 nanowires.

2.4. Factors A�ecting Growth of Nanowires

There are several growth parameters that a�ect the crystallinity, stoichiometry and

morphology of the growing nanowires. These factors and their e�ect on the characteristic

structural features are discussed in the following sub-sections.

2.4.1. Thickness of Catalyst

The thickness of the metal catalyst accounts for the diameter of the nanowires. When

the metal �lms are very thick, the initial process of alloying results ion the formation of large

islands which subsequently grow into huge crystals as vapors of indium and O2 impinge on

these droplets. Figure 2.6 (area 2) shows the formation of large In2O3 crystals. In some

cases, these crystals can sustain one dimensional growth, resulting in the formation of large

`pillars' (Figure 2.6 (area 3)). In a few cases, an alloyed seed on one of the facets of the

growing pillar will lead to the formation of 1-D nanowire. In this case, (Figure 2.6 (area

1)), the 1-D nanostructure has several regions of varying thickness. At the base of such

structures, there is a huge crystal; a pillar with several faceted edges grows o� this crystal.

Finally, an alloyed droplet riding on one of the faceted edge leads to a thinner nanowire like

growth sprouting from this edge.
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Figure 2.6. SEM image of In2O3 nanowires grown with more thickness of the

catalyst. 1 shows the formation of the crystal due to heavy �lm thickness, 2

shows the nanowire growth with thick catalyst

2.4.2. Temperature

Temperature is an important factor that a�ects the morphology of the In2O3 nanowires.

In order to understand this e�ect, I consider the nanowire to be a cylinder with side surfaces.

The total energy of a growing nanowire includes contributions both from the bulk and from

the side surfaces. At high growth temperatures, the metal catalyst (Au or In) droplets split

into tiny nanoparticles and they act as secondary nucleation centers on the nanowire sur-

faces, which then grow by VLS process. This results in a branched nanostructure growth.

The nanowires grown at 750�C have several branched structures which are shown clearly in

the Figure 2.7 with arrows. It is also possible that with increasing source temperature, there

is an increase in the molecular ux, which provides additional nucleation sites on the side

surfaces of the growing nanowire, resulting in a branched nanostructure.
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Figure 2.7. SEM image of In2O3 nanowires grown with 750
�C high temperature

have several branched structures

Figure 2.8. SEM image of In2O3 nanowires grown at high ow rates which

shows the defect concentrations indicated by arrows

2.4.3. Flow Rate

Flow rate a�ects the vapor ux of the constituent elements and hence the stoichiom-

etry of the growing crystal. A non-stoichiometric vapor ux increases the concentration of
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intrinsic point defects in the nanowire, such as interstitial, anti-site and vacancy defects. A

high concentration of such point defects will lead to structural defects like stacking faults

and twinning defects in the nanowire. At high ow rates >100 sccm, the growth rate be-

comes accelerated, leading to a high density of defects. As the gas ow rate is reduced to 100

sccm, the transport of the constituent species (indium and oxygen) is more controlled and the

resulting nanowires are perfect crystals. In2O3 nanowires, with high defect concentrations,

grown with high carrier gas ow rates are indicated by the arrows in the Figure 2.8

2.5. Conclusion

In conclusion, the e�ect of metal catalyst thickness and growth parameters like tem-

perature and gas ow rate on the morphology of the nanowires are explained. The contribu-

tion of various factors and a complex interplay of several growth mechanisms are discussed. In

the �rst part of this chapter, I explain the use of the phase diagram to enable the VLS growth

mechanism which is used for the synthesis of In2O3 nanowires. Secondly the experimental

setup and procedure for the fabrication of In2O3 nanowires are explained in detail. In the last

section of this chapter, the factors a�ecting the crystallinity, stoichiometry and morphology

of the nanowire were identi�ed and the steps to be taken for optimizing the growth conditions

were explained. Based on my experimental �ndings, I have identi�ed an optimum thickness

of the metal �lm which serves as the seed layer for nanowire growth, along with an optimized

growth temperature and carrier gas ow rate.
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CHAPTER 3

STRUCTURAL CHARACTERIZATION OF INDIUM OXIDE NANOWIRES

3.1. Introduction

In2O3 crystal structure can be either body centered cubic or hexagonal. The body

centered cubic structure is also called C-type rare earth oxide structure. Figure 3.1 shows

black, shaded and white spheres which represent 8b indium, 24d indium and 48e oxygen

atoms, respectively, in a conventional unit cell. This type is based on edge sharing of InO

with octahedral arrangement in a 2�2� 2 array. In2O3 contains 80 atoms in a conventional

unit cell. The total 32 indium atoms are distributed as In24-d and In8-b while the 48 O2

atoms surround the indium atoms. Each In(b) atom is supported by six oxygen atoms, while

all oxygen atoms are four-fold coordinated surrounded by indium atoms. The conventional

unit cell of the lattice structure of In2O3 is shown in the Figure 3.1. The lattice constant of

In2O3 is � 10.117�A [41]. The six In-O distances have three di�erent values (2) 2.13 �A , (2)

2.19 �A and (2) 2.23 �A.

In2O3 is a transparent, conducting compound semiconductor with a direct band gap

of 3.7 eV and indirect band gap of 2.6 eV. Variation in the band structure of this material

result in a wide range of observed characteristics. Any semiconductor material at zero bias

has a �lled valence band and an empty conduction band, separated by a band gap with no

energy states in between. Electrons can be driven from valence band to conduction band

with appropriate electrical, optical or thermal energy. In2O3 has two types of band gaps i.e

direct band gap and indirect band gap. These are shown in Figure 3.2.

3.2. Structure and Composition Characterization

The morphology and composition of the nanowires were studied by scanning electron

microscope (SEM: NOVA Dual Beam SEM/FIB, FEI Nova 200 Nano-Lab) with an acceler-

ating voltage of 30 kV, the resolution at optimum working distance being 1.1 nm at 15 kV.
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Figure 3.1. Crystal structure of In2O3 with black, shaded and white spheres

represents 8b indium, 24d indium, 48e oxygen atoms respectively Source: Hand

Book of Transport Conductors.

The SEM was also equipped with energy dispersive x-ray spectroscopy (EDXS). The crystal

structure of the nanowires were studied using high resolution transmission electron micro-

scope (HRTEM: FEI Tecnai G2 F20 S-Twin 200 keV) with selected area electron di�raction

(SAED) analysis setup. Crystallographic information was also obtained with X-ray di�raction

(XRD: rigaku ultima III high-resolution CuK� with focus size of 0.4 � 12 mm). Raman

measurements were made to study the di�erence in energy due to rotational and vibrational

changes in the molecules. This was done using nicolet almega XR raman spectrometer at

room temperature using a green laser with an excitation wavelength of 532 nm.

3.2.1. Scanning Electron Microscope and Energy Dispersive X-ray Spectroscopy

After the growth of In2O3 nanowires, structural and compositional characterization of

the as-grown array of nanowires were made by using SEM and EDXS. A complete analysis
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Figure 3.2. Band structure showing direct and indirect band gap of In2O3

(Source: P. Reunchan et al).

of the e�ect of growth conditions on the morphology and composition of In2O3 nanowires

was made using SEM and EDXS. The optimum working distance of SEM electron beam

to sample is 5 mm, electron accelerating voltage applied is 10 kV, the sample tilt angle 0�

is maintained for this measurement. An SEM image of a dense array of In2O3 nanowires

with stoichiometric composition and negligible structural defects is shown in Figure 3.3(a).

The uniform nanowires have length of over 10{20 �m and diameters in the range of 80{100

nm. As a part of compositional characterization EDX measurement was done to see the

stoichiometric composition of In2O3 nanowires. The EDX spectrum in Figure 3.3(b) was

taken with the same optimum working distance and the tilt angle of the SEM image and

the accelerating voltage was changed to 15 kV. EDX spectrum con�rms the stoichiometric

composition of In2O3 nanowires and shows the presence of In, O and Si. the presence of Si

signal is attributed to the growth substrate.
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Figure 3.3. (a)SEM image of In2O3 nanowires showing 10{20 �m and diame-

ters in the range of 80{100 nm. (b) EDX spectrum con�rming the composition

of the nanowires.

3.2.2. Transmission Electron Microscope and Selected Area Electron Di�raction

The crystal structure, lattice parameter and growth direction of the In2O3 nanowires

were studied by using HRTEM and SAED with the 0.004 tilt angle/degree, 3000 lens/mm

camera, 200/kV high voltage is maintained for this measurement. Figure 3.4(a) shows the

HRTEM image characterizing the morphology of a single In2O3 nanowire from which the

diameter of the nanowire is estimated to be about 100 nm. There was no evidence of any

structural defects such as stacking faults or dislocations in the HRTEM image. Figure 3.4(a)

shows the HRTEM image with an amorphous shell of 1-2 nm covering the nanowire surface,

as a result of post growth oxidation of the In2O3 nanowires in atmosphere. After the growth,

when the sample was taken out from the furnace the surface of the nanowire, which has

a high concentration of dangling bonds, reacts with atmosphere and forms an amorphous

layer on nanowire surface. Figure 3.4(b) shows the selected area electron di�raction (SAED)

pattern with 71 reections recorded along the [103] zone axis, revealing that the nanowire is
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a single crystal with a uniform structure. By indexing the SAED pattern, I was able to verify

that the nanowires are In2O3, BCC structure with a lattice parameter of 5.1�A and < 001 >

growth direction.

Figure 3.4. (a) HRTEM image of a crystalline In2O3 nanowire grown along

[001] direction. (b) SAED pattern of the corresponding TEM image.

3.2.3. X-ray Di�raction

X-ray di�raction is an analytical technique which provides detailed information about

the internal lattice of crystalline substrates and unit cell dimensions. X-rays are generated

and directed towards the sample. When the incident rays falls on the sample it produces

di�racted rays, if the Bragg's Law is satis�ed

(5) n� = 2dsin�

which relates the wavelength of electromagnetic radiation to the di�raction angle and lattice

spacing of a crystalline sample. These x-rays carry a characteristic energy, which when

processed and graphed can reveal the elemental composition of the sample. The In2O3

nanowire crystallographic structure is found by using this technique. X-ray di�raction pattern

of the nanowires (Figure 3.5) shows that the intense peaks in the spectrum are well indexed
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Figure 3.5. (a) XRD pattern of In2O3 nanowires grown on a Si substrate. The

indices marked above the peaks and are indicative of the high crystalline quality

of the nanowires.

to cubic crystalline In2O3 nanowires. The 2� measuring range is 17.513 to 96.474 and the

step size maintained to be 2�/min and � is 1.54 for this measurement. The angle of incidence

of XRD beam and di�raction beam is 0.5�, so it is assumed that the peaks are coming from

the surface of the substrate, which is populated with a dense array of In2O3 nanowires. The

major di�raction peaks are (211), (222), (400), (411), (431), (440), (611) and (622) which

are indexed to crystal planes of body-centered cubic (BCC) structure for In2O3 [33]. No

unreacted elemental indium, which was used as the seed layer to initiate VLS growth was

detected.

3.2.4. Raman Spectroscopy

Raman spectroscopy comprises the vibrational, rotational, energy levels and other

low frequency transitions in molecules. The technique is based on in elastic scattering of
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monochromatic light. When the laser light is focused on the sample, the energy of photons

will be absorbed by the molecules of the sample and re-emitted. The re-emitted photons will

have the energy di�erence which shifts up or down in comparison with the incoming photon

energy. This di�erence in energy is due to rotational and vibrational changes in the molecules

Figure 3.6. Raman spectroscopy of In2O3 nanowire with excitation wave length

of 532 nm

which gives the information about its energy levels. The Raman measurement for In2O3

nanowires is done by with Nicolet Almega XR Raman Spectrometer at room temperature

using a green laser with an excitation wavelength of 532 nm. Figure 3.6 shows the range of

the Raman spectra from 0 to 700 cm�1 with peaks at 113 cm�1, 135 cm�1, 150 cm�1, 520

cm�1. The low frequency Raman line at 113 cm�1, 135 cm�1, 520 cm�1 agrees well with

the reported values [10].
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3.3. Conclusion

In this chapter the compositional and structural properties of In2O3 nanowires are de-

tailed. The morphology and composition is observed by SEM which shows that the nanowires

have length of over 10{20 �m and diameters in the range of 80{100 nm. The nanowires are

uniform and no structural defects were observed. HRTEM and SAED conforms the crystal

structure, lattice parameter and growth direction which conforms that the nanowire is In2O3,

with a BCC structure, lattice parameter of 5.1�A and the nanowires have a < 001 > growth

direction. XRD conforms that the di�raction peaks are indexed to crystal planes of BCC

structure for In2O3. No unreacted elemental In, which was used as the seed layer to initiate

VLS growth was detected. The low frequency Raman line at 113 cm�1, 135 cm�1, 150

cm�1 comes from the vibrational modes of cubic In2O3. The peak 520 cm
�1 comes from the

vibrational mode representing the crystalline silicon, the underlying silicon substrate on which

the nanowires were grown. In conclusion, the growth process described in Chapter 2 of this

thesis yielded high crystalline quality, stoichiometric In2O3 nanowires with lengths over tens

of microns and diameters in the range of tens of nanometers. Such single crystal nanowires

have huge potential in future device applications.
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CHAPTER 4

OPTICAL CHARACTERIZATION OF INDIUM OXIDE NANOWIRES

4.1. Introduction

The optical characterization of In2O3 nanowires is performed by photoluminescence

(PL) and photoluminescence excitation (PLE) spectroscopy. PL is a contact-less, non-

destructive method for studying the electronic structure of semiconductors. In PL spec-

troscopy, one measures the intensity of emitted radiation as a function of wavelength. Light

is emitted from a semiconductor as a result of radiative recombination of electron-hole pairs

that have been optically excited. The carriers are �rst optically excited by light (photons)

with energy greater than or equal to the band gap of the semiconductor. The excited elec-

trons return to a lower energy state and if they do so by radiative means, the process emits a

photon whose energy is the di�erence between the energies of the two states. The spectral

distribution of the emitted photons shows an emission peak at the energy (or wavelength)

corresponding to each excited level. The excited electron can radiatively recombine with a

hole through various kinds of recombination processes as shown schematically in Figure 4.1.

The simplest recombination process is a band-to-band recombination where a free electron

from the conduction band recombines radiatively with a free hole from the valence band.

Impurities or defects which introduce traps, donor or acceptor levels in the band gap provide

alternate paths for recombination. When both the excited electron and hole are captured by

di�erent impurity centers and then the trapped electron and hole recombine radiatively, the

process is a `donor-acceptor' pair (DAP) recombination. Emission bands thus appear in the

low energy region of the spectrum resulting from recombination of electron and hole pairs

captured at acceptor and donor sites respectively. Recombination of this type reects the

energy di�erence between the donor and acceptor levels involved in the recombination process

involving distant DAPs. The energy of the emission peak corresponding to recombination of
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Figure 4.1. Schematic representation of various ways of electron-hole recombination.

DAPs is given by [36] in equation 6:

(6) ~!m = Eg �

(
Ed + Ea �

e2

4���oRm

)

where, � is the relative permitivity = 8.9, �o is the permitivity of free space = 8.85 �10�14

Farad/cm, Rm is the distance between partners of the DAP and this determines the Coulomb

interaction energy (the last term in equation 6), Eg is the energy band gap of In2O3 = 3.2 eV

at room temperature; and Ed and Ea are the activation energies of the donors and acceptors.

From equation 6, it is evident that for small separation between donor and acceptor atoms,

the energy of the DAP peak is substantially higher than that of the distant pairs. Hence, with

DAP recombination, the actual spectral emission curve will depend on the opposing inuence
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of pair distribution function and pair recombination transition probability there are likely a

large number of distant pairs, but their recombination probability will be low, while there will

be few closely separated pair which will have a high recombination probability. In this case,

the shape of the PL spectrum results from the opposing inuence of the DAP distribution

function and the pair recombination transition probability. A typical PL spectrum of In2O3 is

shown in Figure 4.2 [42]. The nanowires were excited at 260 nm and the emission spectrum

shows peaks at 416 nm and 435 nm which were attributed to oxygen vacancies. The UV

emission peak attributed to near band edge was very weak (almost non-existent) in these

nanowires, which attributes to their poor optical quality.

Figure 4.2. Typical PL spectrum of In2O3(Source: X. C. Lu et al)

4.2. PL and PLE Setup

The experimental set up used for PL and PLE measurements consists of a recon�g-

urable optical bench which has a Xenon lamp, 1=4 meter monochromator, reective optics,
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photomultiplier tube and photo diode detectors. Lock-in detection was used to minimize back-

ground signals and the whole system was operated by using Lab View software. Initially, a

wavelength in the ultra-violet range (monochromator 2) is used to excite the In2O3 nanowires,

so that the PL monochromator 1 can collect emission wavelengths from the sample and then

the emission signals enter into the detector, as shown in the schematic of Figure 4.3. For

detecting the best excitation wavelength of sample, the PL monochromator 1 is set up for

the speci�c detected wavelengths. The sample is swept by the PLE monochromator 2 to get

the best optimal excitation wavelength. After the optimal excitation wavelength is known, it

will be used to excite the In2O3 nanowires and the strongest intensity of emission wavelength

can be obtained.

Figure 4.3. Schematic representation of PL and PLE setup

4.2.1. PLE and PL Determination

PLE spectroscopy is carried out at a �xed detection energy, which provides information

about the absorption properties and the probed excited states of optical centers. In order to

�nd the best optimal excitation wavelength for PL measurements, the PLE measurements

were �rst done. The PLE spectrum shows peak wavelengths as 295 nm and 325 nm (shown

in Figure 4.4). Hence, 295 nm was used as the excitation wavelength for PL measurements
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on the as-grown In2O3 nanowires. The optical characteristics of these nanowires (Figure 4.5)

Figure 4.4. PLE spectrum of In2O3 nanowires with �xed excitation wavelength

at 380 nm

shows a strong UV peak at 3.18 eV and a wide band emission covering the green and orange

regions with peaks centered at 2.85 eV, 2.66 eV and 2.5 eV. Most works on In2O3 nanostruc-

tures report a weak UV peak and broad defect related emission [27, 40]. The UV emission

is attributed to near-band-edge (NBE) emission, whereas the visible emission is attributed

to deep-level (DL) emission related to possible radiative recombination of a photo-generated

hole with an electron on charged oxygen vacancy sites [21]. Bulk In2O3 cannot emit light at

room temperature [43].

A review of published results available on the emission spectra of nanostructured In2O3

shows a strong dependence of the emission peaks on morphology and growth conditions of

the nanostructures. In2O3 nanoparticles have been reported to have PL peaks at 2.58 eV and
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Figure 4.5. PL spectrum of In2O3 nanowires with the excitation wavelength at

295 nm which shows a strong UV peak at 3.18 eV and defect related peaks at

2.85 eV, 2.66 eV and 2.5 eV.

2.39 eV [15] while In2O3 nano-�bers exhibit strong and broad PL emission peak centered at

2.64 eV [7]. In2O3 nanowires synthesized by electrodeposition and oxidizing (EDO) method

exhibit strong PL emission peaks centered at 2.92, 2.89, 2.81, 2.70 eV [26], whereas In2O3

nanowires grown using a solgel method have a strong and sharp UV PL emission centered

at 3.12 eV [16], which is comparable to my results of a strong UV peak at 3.18 eV. The

reduced intensity of the visible DL emission and the strong UV emission attests to the good

crystalline quality of my nanowires.

4.3. Intrinsic Defects in In2O3 Nanowires

Intrinsic point defects are created in a semiconductor as a result of non-stoichiometry

which arises due to variations in growth parameters or as a result of non-stoichiometric
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vapor uxes. Such defects a�ect the optical and electrical properties of the material. The

electronic states related to these defects degrades the characteristics of the material by

functioning as recombination centers of charge carriers. Semiconductors with high defect

concentrations cannot be used for device applications, since such devices will degrade over

time. Hence, it is very important to know the formation and nature of the defects formed

in the synthesized material. PL spectroscopy is useful for assessing the optical quality of

the semiconductor. Defect peaks in a PL spectrum attests to the presence of native defects

in the material. Hence, PL spectra is useful for extracting information about band-to-band

transition and other sub-band transitions which provides information about the deviations

from stoichiometry.

4.3.1. Oxygen Vacancies

Oxygen vacancies are common in nanocrystalline oxides. Such defects have been stud-

ied by A. Walsh [38], who used a combination of �rst-principles and electrostatic techniques,

applied to In2O3 surface and observed a decrease of more 50% in the formation energy for

oxygen vacancies towards the material surface. There are reports that O2 vacancies are

formed in In2O3 due to de�ciencies produced during the growth process [15, 7]. Considering

the calculated defect formation energies, a level of non-stoichiometry is expected for In2O3

nanowires grown at high temperatures and/or low oxygen partial pressures. These defects

occur primarily at the nanowire surface, through oxygen loss that occurs due to the reduced

defect formation energy, thus leading to the creation of delocalised donor states. This high

concentration of oxygen vacancy defects at the nanowire surface are believed to be respon-

sible for the relatively high electron carrier concentration in my In2O3 nanowires. To develop

In2O3 for device applications, high quality nanowires are required with controlled surfaces.

Hence the e�orts of this study were directed towards growing defect free nanowires with

controlled properties.
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4.3.2. Indium Interstitials

Interstitials are point defects. These are atoms which occupy a site in the crystal

structure at interstitial sites (where there is usually no atom), or two or more atoms sharing

one or more lattice sites such that the number of atoms is larger than the number of lattice

sites. Interstitials can be produced for instance by particle irradiation above the threshold

displacement energy, but may also exist in small concentrations in thermodynamic equilibrium.

A high vapor ux of one constituent element can cause interstitial defects. For example, a

high concentration of indium can cause indium interstitials to form in In2O3 nanowires.

4.4. Annealing of Defects

4.4.1. Experimental Procedure

To con�rm the role of O2 vacancies in the deep level visible emission, the as-grown

nanowires were annealed in a high temperature CVD system, shown in Figure 2.5 in O2

ambient. A constant ow of Ar (100 sccm) gas was allowed to pass through the bubbler

�lled with H2O. This bubbler was heated to 100�C in order to form water vapor which ows

into the furnace and annealing of the sample was done in wet oxygen ambient. The CVD

chamber was maintained at a temperature of 750�C for a period of 30 minutes to facilitate

the annealing process.

4.4.2. PL After Annealing

A comparison of the PL spectrum before and after annealing is shown in Figure 4.6,

where I see an enhancement of the UV peak and a reduction in the defect related peak. The

enhancement of the UV emission to the defect related emission is attributed to the reduction

in the concentration of O2 vacancies as a result of annealing.

4.5. Surface Passivation

The surface of nanowires also presents signi�cant challenges from a�ecting nanowire

properties. On account of the large surface to volume ratio in nanowires, their surfaces
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Figure 4.6. A comparison of the PL spectrum of In2O3 nanowires before an-

nealing (black line) and after annealing (red line). The enhancement in the

NBE/DL emission is attributed to the reduction in oxygen vacancy concentra-

tion as a result of annealing.

can dominate their properties. The chemical and electronic stability of nanowire surfaces

is important for its technological advancement. There are several strategies available for

nanowire surface modi�cations. Surface passivation can be achieved by the growth of an

inorganic shell around the nanowire core or through organic functionalization or by post growth

treatment. When the as grown nanowires are exposed to the atmosphere an amorphous shell

of 2-3 nm was found to cover the nanowire surface, as a result of post growth oxidation of

the In2O3 nanowires. This amorphous layer degrades the properties of the nanowire. In order

to remove this amorphous layer post growth passivation technique is implemented.
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Figure 4.7. A comparison of the PL spectrum of In2O3 nanowires before surface

treatment which included passivation (black line) and after surface passivation

(red line). The signi�cant reduction in the DL emission peaks con�rms the fact

that there is a high concentration of defects on the nanowire surface which is

reduced by etching and passivation of the surface.

4.5.1. Experiment

In order to con�rm my hypothesis that there is a higher defect concentration on

the surface of the nanowires, the as-grown nanowires were subjected to a chemical etch to

remove the amorphous layer on the surface. This was followed by surface passivation which

was accomplished by treating the In2O3 nanowires with (NH4)2S for 60 minutes to passivate

the In2O3 nanowire surface with sulfur.

4.5.2. PL After Surface Treatment

A comparison of the PL spectrum before and after passivation is shown in Figure 4.7.

As can be seen, there is a strong reduction in defect related peak after passivation. Thus I can
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con�rm that defects in In2O3 nanowires migrate to their surface and surface treatments which

include surface etching and passivation are e�ective routes to reduce defect concentration

and improve nanowire quality.

4.6. Conclusion

Optical characterization of In2O3 nanowires by PL spectroscopy shows strong UV peak

at 3.2 eV and defect peaks at 2.85 eV, 2.66 eV and 2.5 eV. The defect related peaks are

believed to be due to the presence of oxygen vacancies and indium interstitials. Since these

oxygen vacancies are known to reside on nanowire surface, the In2O3 nanowires are subjected

to surface treatment that includes chemical etching followed by surface passivation. By

following these procedures there was an enhancement in U.V peak and reduction in defect

related peak. Hence I conclude: 1) the synthesized In2O3 nanowires were of relatively high

optical quality as evidenced by strong U.V peak. 2) The defects can be removed by surface

treatment and by annealing.
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CHAPTER 5

TRANSPORT PROPERTIES OF INDIUM OXIDE NANOWIRES

5.1. Introduction

Transport characteristics refer to the motion of electrons in response to an electric

�eld. The two basic processes of current conduction are di�usion of carriers due to a gradient

in carrier concentration, and drift of carriers due to the electric �eld. In 1D electron systems,

drift and di�usion of electrons are equally important and any charge distribution relaxes

according to the di�usion law with some e�ective di�usion coe�cient enhanced due to the

drift phenomena. During transport, the electrons always su�er scattering by impurities,

crystal imperfections or with the lattice. In a nanowire, as the diameter of the wire decreases,

electrons in the wire become increasingly con�ned. This a�ects the scattering of the electrons

and causes a change in the electron transport mechanism. Electron transport can occur in

the ballistic, di�usive or localized regimes, depending on the system size. In the localized

regime, the system is highly disordered and the wave function becomes localized, i.e. the

particle gets trapped and transport occurs by hopping.

5.1.1. Di�usive Transport

In the di�usive regime, if the nanowires size and diameter is more than the carrier

mean free path, the electrons su�er many scattering events. The conduction in this case is

dominated by the scattering of the carriers within the wire. Electrical conductivity of In2O3

nanowires are controlled by the presence of impurity atoms and defects in the semiconductor

crystal lattice. The localized electronic states related to these defects can limit the character-

istics of the material by acting as scattering or recombination centers for the charge carriers.

As the length scale of the nanowire is reduced to the mean free path of the electrons, the

electron transport mechanism changes from di�usive to ballistic.
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5.1.2. Ballistic Transport

Ballistic transport phenomena occurs when the electrons can propagate across the

nanowire without scattering. This transport has been observed in very short quantum wires

which were produced by mechanically controlled break junctions (MCBJ), where the electron

mean free path is much longer than the wire length. In this case the conduction can be de-

termined by the contacts between the nanowire and the external circuit and the conductance

is quantized into universal conductance units.

(7) Go = 2e2=h

The other requirement for the ballistic phenomena is the thermal energy satis�es the relation

kBT � �j � �j�1 where j and j-1 are sub band energy levels.

5.2. Electron Transport Properties of Nanowires

The synthesized In2O3 nanowire have diameters in the range of 80{100 nm, hence I

do not expect any e�ects due to quantum con�nement. This implies that the electron trans-

port through the nanowires will not be ballistic. Instead, the transport mechanism can be

explained on the basis of di�usive transport. In the following sections, the electron transport

properties of In2O3 nanowires are studied using 2{terminal and 3{terminal measurements,

with temperature dependent Ids � Vds and gate dependent Ids � Vds measurements. These

measurements enable a determination of intrinsic nanowire parameters such as carrier mo-

bility, carrier concentration and transconductance of the nanowire. Temperature dependent

resistance measurements are analyzed to calculate the activation energy of the thermally

activated conduction mechanism in these nanowires.

5.3. Two Terminal Measurements

These measurements were done on a single In2O3 nanowire mounted between two Au

electrodes on a Si substrate covered with a 200 nm SiO2 layer. The sample was placed in a

temperature controlled cryostat which was maintained in vacuum. Continuous ow of liquid
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N2 was maintained to get the sample to 77 K. In order to get the equilibrium temperature

between the sample and the temperature controller sensor the sample was maintained in same

temperature for 30-40 minutes. The temperature controller (Lake Shore 332) is used to heat

the sample to the required temperature. By using the temperature controller, the sample

is heated to the speci�c temperature. Using Agilent Technologies B1500A semiconductor

parameter analyzer, the variation of Ids with Vds was determined.

Figure 5.1. Ids � Vds curves obtained at various temperatures i.e 324 K, 310

K, 300 K, 280 K, 250 K, 200 K and 120 K.

5.3.1. Results and Discussion

To further explore the electronic properties of the In2O3 nanowire device, Ids � Vds

curves were measured as a function of temperature with gate voltage Vgs = 0 V, as shown in

Figure 5.1. These Ids � Vds curves were taken at 324 K, 310 K, 300 K, 280 K, 250 K, 200 K

and 120 K. It was observed that the conductance increases with temperature. The resistance
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Figure 5.2. Temperature dependent behavior of the resistance of single In2O3 nanowire.

of the In2O3 nanowire increased and the signal became very noisy below a temperature of

120 K. Figure 5.2 shows the relation between resistance versus temperature for the range of

120 - 324 K. The In2O3 nanowires exhibits a negative temperature coe�cient of resistance,

i.e., the resistance decreased with increase in temperature as shown in Figure 5.2 revealing

the semiconducting nature of the In2O3 nanowire. The electrical conductivity(�) can be

expressed as

(8) � = �0exp(�Ea=kT )

which is the exponential function of temperature T, where �0 is the pre-exponential factor, k

is the Boltzmann's constant (8.617�10�5 eVK�1) and T is the absolute temperature. Figure

5.3 shows the plot between in� vs 1=T . A study of the temperature-dependent transport

measurement on a single In2O3 nanowire shows that the conduction is thermally activated in

the measured range of temperatures. In this temperature range (120 K - 324 K), the linear
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Arrhenius plot of conductivity versus 1=T suggests thermally activated conduction with a

single activation energy. The activation energy of conduction Ea is obtained from the slope

of the Figure 5.3 using the relation

(9)
d(ln(�))

d(1=T )
= �Ea=k

where � is conductivity of In2O3 nanowire, k is the Boltzmann's constant(8:617�10
�5eVK�1),

Ea is the activation energy of conduction which was calculated to be 0.12 eV.

Figure 5.3. Temperature dependence conductivity measurements on a single

In2O3 nanowire.

5.4. 3-Terminal

5.4.1. Field E�ect Transistors

Field e�ect transistors (FET)(Figure 5.4(a)) are majority charge carrier devices that

rely on the electric �eld which controls the conductivity of the channel in a semiconductor
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material. Source, drain and gate are the three ohmic contacts in an FET device, which has

the following functions:

Source: Terminal through which the majority charge carriers enters the channel, the current

entering the channel at source is designated by Is.

Drain: Terminal through which the majority charge carriers leave the channel, the current

leaves the channel at drain is designated by Id.

Gate: Terminal by which the Id can be controlled.

In an FET, the ow of charge carriers from the source connection to the drain connection

is controlled by applying a bias to the gate terminal, which generates an electric �eld that

controls the current. In the following section, I describe an experiment to characterize the

electronic properties of a single In2O3 nanowire based FET device.

5.4.2. Experimental

Transport measurements were performed at room temperature on a single nanowire

using Agilent Technologies B1500A semiconductor device analyzer. The In2O3 nanowires

were transfered on to the Si substrate which was covered with 200 nm of SiO2 to provide

back gating to the nanowire. Au electrodes were subsequently patterned at the two ends of a

single nanowire to function as the source and drain electrodes as shown in the Figure 5.4(b).

The silicon substrate was used as a back gate in the electronic measurements as shown in

Figure 5.4(a) for determination of �eld e�ect mobility and carrier concentration.

5.5. Results and Discussion

To study the electronic properties, FET is fabricated as shown in Figure 5.4(b). An

SEM image of the fabricated In2O3 nanowire FET device with a channel width of � 10 �m

is shown in Figure 5.4(b). Electronic measurements were performed at room temperature

under ambient conditions. Figure 5.5 shows a family of drain source current-voltage (I-

V) curves under di�erent gate biases (Vgs). As the gate voltage increased from -10 V to

+10 V, the conductance of the In2O3 nanowire progressively increased, indicating n-type
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Figure 5.4. (a)Schematic representation of FET type con�guration (b) SEM

image of single In2O3 nanowire contacted between the two Au plates.

semiconductor behavior of the FET. Figure 5.6 represents the variation in Ids with Vgs at

a constant drain-source voltage of Vds = 100 mV. The resistivity and transconductance of

this device was derived from the slopes of the Ids � Vds(Figure 5.5) and Ids � Vgs(Figure 5.6)

curves and is estimated to be 1.82�10�2
cm and 11.2 nS respectively. The channel mobility

Figure 5.5. Gate dependent Ids � Vds data plotted for a single In2O3 nanowire

connected in an FET type of con�guration.
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was estimated using the equation:

(10) �FE = (�I=�Vg)L
2=(CVds)

where �I=�Vg is the measured transconductance, �FE is the �eld e�ect mobility, C is the

capacitance of the nanowire FET and L is the length of the channel. An analytical estimate

of capacitance is given by

(11) C = 2��ef f �0L=arccosh((tox + R)=R)

where �ef f �3.9 is the e�ective dielectric constant for the SiO2 back-gate dielectric, �0 is

the permittivity of the free space, tox = 200 nm is the dielectric thickness, L = 10 �m the

distance between the electrode contacts (i.e. the length of the channel), and R = 50 nm

is the radius of nanowire. The mobility is thus estimated to be 119 cm2V�1s�1, which is

comparable to the value obtained by B. Lei et al., [2], Gunho Jo et al., [14] and C. Li et

al [6]. The carrier concentration is estimated to be 4.89�1017cm�3, which is higher than

that reported by Gunho Jo et al., [14]. I attribute the origin of these carriers to the presence

of oxygen vacancies that form in the nanowire during synthesis [25]. Oxygen vacancies

were studied by A. Walsh [38], who used a combination of �rst-principles and electrostatic

techniques, applied to In2O3 surface and observed a decrease of more 50% in the formation

energy for oxygen vacancies towards the material surface. Considering the calculated defect

formation energies, a level of non-stoichiometry is expected for In2O3 nanowires grown at

high temperatures and/or low oxygen partial pressures. These defects occur primarily at

the nanowire surface, through oxygen loss that occurs due to the reduced defect formation

energy; thus leading to the creation of delocalised donor states. This high concentration of

oxygen vacancy defects at the nanowire surface are believed to be responsible for the relatively

high electron carrier concentration in my In2O3 nanowires.
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Figure 5.6. Ids � Vgs data plotted for a single In2O3 nanowire connected in an

FET type of con�guration measured at Vds = 0.1 V.

5.6. Conclusion

The transport properties of the In2O3 nanowires, synthesized by vapor phase trans-

port, were studied by con�guring a single nanowire in an FET type of con�guration. Based on

these studies, the resistivity, transconductance, �eld e�ect mobility and carrier concentration

of the In2O3 nanowires were determined to be 1.82�10�2
 cm, 11.2 nS, 119 cm2V�1s�1

and 4.89 �1017cm�3 respectively. The origin of these carriers is attributed to the presence

of oxygen vacancies that are created in the nanowire as a consequence of the growth con-

ditions. Temperature dependent transport measurements on a single In2O3 nanowire, in the

temperature range 120 K - 324 K, showed a linear Arrhenius plot of conductivity versus 1/T,

suggesting thermally activated conduction with a single activation energy. The activation

energy for this thermally activated conduction was estimated to be 0.096 eV.
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CHAPTER 6

GAS SENSING PROPERTIES OF INDIUM OXIDE NANOWIRES

6.1. Introduction

Gas sensors are devices that respond rapidly to speci�c gases in the environment and

translates them into the appropriate physical or electrical signals. This provides information

on the type and concentration of gases to which the sensor was exposed. Semiconductor gas

sensors are extensively studied due to their advantageous features such as high sensitivity, low

cost and easy fabrication. Over the past few decades, extensive research has been directed

towards developing miniaturized gas sensing devices for toxic gas detection. The presence

of toxic gases in environments like coal mines, oil industries and manufacturing plants have

results in major accidents during the past few years. There is hence a strong demand for better

environmental control, which requires the sue of highly sensitive gas sensors. Continuous

monitoring of the presence and concentration of speci�c gases in the environment is required

to improve safety and working conditions. Hence, it is very important to develop high sensitive

gas detectors.

In2O3 is a favored material in the fabrication of chemical sensors [22, 28]. Most of the

earlier research works was done on the In2O3 thin �lms. There are many critical limitations,

that cannot be overcome by using In2O3 thin �lm based sensors. Most of the gas sensors

using In2O3 thin �lms can only work at high temperature(232 K to 493 K) [22] and at

signi�cant gas concentrations. This limits its practical applications at low gas concentration

and at low operating temperature. To obtain higher sensitivity and faster response to gases,

di�erent approaches have made on thin-�lms such as microstructure control and doping of the

�lms. One strategy that has been investigated is the use of one-dimensional nanostructures

for addressing challenges faced by thin �lms. The sensitivity of the sensor material towards

a particular gas is enhanced with decreasing particle size down to the nanometer regime.
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There are various kinds of nanostructures that have been used for gas sensors; these include

nanoparticles [23], nanowires [30, 33],nanotubes [29], nanocubes [9] and nanosheets [11].

Among these one-dimensional nanowires are important candidates for the realization of the

next generation gas sensors. Accordingly, there has been an intensi�ed search for novel

nanowire materials and corresponding platforms for realizing single-molecule detection with

superior sensing performance which made the use of nanowires for achieving the better sensing

performance. They o�er many advantages such as high surface-to-volume ratios, highly

reactive surfaces and the ability to pattern a sensor with a high concentration of aligned

nanowires. The exposed surface area in an array of aligned nanowires is much higher than in

conventional thin �lms and hence they are believed to show greater sensitivity to the presence

of gases. Such an array of nanowires can be incorporated into a microelectronic device in the

form of a badge worn by employees working in toxic gas environments.

6.2. Experimental

A single In2O3 nanowire was contacted by two Au electrodes for studying its gas

sensing properties. Transport measurements were performed at room temperature on using

Agilent Technologies B1500A semiconductor device analyzer. Ids � Vds curves were measured

with change in ambient environment. The contacted nanowire sample was placed in a 3�2

cm specially constructed gas enclosure, �tted with two terminals, that were connected to the

text �xture of the B1500A semiconductor device analyzer as shown in the Figure 6.1. The gas

enclosure has a gas inlet and outlet valves. The variation of Ids with Vds was initially studied,

in which the device was placed in the gas enclosure and exposed to ambient conditions. To

understand the gas sensing properties of In2O3 nanowires the Ids � Vds curves were measured

subsequently with 100 sccm of gas owing into the gas enclosure. Measurements of Ids � Vds

were taken every 5 minutes of time interval, until no further change in resistance was observed.

The results are plotted in Figure 6.2.
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Figure 6.1. The furnace used for the study of gas sensing properties of the nanowires

6.3. Results and Discussion

The response of the undoped In2O3 nanowire to toxic gases were studied. The re-

sponse to the type of gas ow with respect to the resistance was then calculated. The

electrical response of the single In2O3 nanowire to the presence of two gases were studied

i.e NH3, CH3OH. Based on these measurements, the response of the gas sensor in terms of

the rate of change of resistance was determined. I �nd that for NH3, this response is of the

order of 475 
/sec and for CH3OH, it is of the order of 20 
/sec. This change is resistance

is shown in Figure 6.2. The response of the nanowire to a change in its environment is

explained on the basis of an energy band diagram. In Chapter 5, Section 5.5, it was found

that a single In2O3 nanowire is n-type and the resulting energy band diagram is shown in

Figure 6.3. Ec , Ev and Ef correspond to the conduction band edge, the valence band edge

and the Fermi level position respectively. Since the In2O3 nanowire is not intentionally doped,

Ef is shifted closer to Ec , compared to its intrinsic position in the band gap, but it is still

several kT away from the conduction band edge. When the nanowire is exposed to NH3 gas,

the NH3 molecule adsorb on the surface. A process of electron transfer takes place as a re-

49



Figure 6.2. The Ids � Vds plots for the gas sensing properties, for NH3, this

response is of the order of 475 
/sec and for CH3OH, it is of the order of 20


/sec.

sult of the di�erence in chemical potentials of In2O3 and NH3 [12]. Electrons are transferred

from high chemical potential material (NH3) to the low chemical potential material (In2O3),

until the materials attain equilibrium and the Fermi levels align. The chemical potential of

the electrons in NH3 which can participate in the electron transfer process is represented in

Figure 6.3 by the energy level shown by ENH3
. The nanowire Ec is located below the NH3

energy level, since In2O3 is not intentionally doped. Therefore the electrons will migrate from

the NH3 molecules to the nanowire, until equilibrium is attained.

The sensitivity of the single nanowire gas sensor is determined by the ratio Rair=RNH3
.

Rair is the resistance in the absence of a gas (dry air) and RNH3
is the resistance of the

nanowire that is exposed to a gas NH3 environment. For NH3 sensing, the sensitivity of the

nanowire gas sensor is estimated to be 2.86 and for CH3OH, the sensitivity is estimated to
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Figure 6.3. Schematic of electron transfer when an electron is adsorbed on the

In2O3 nanowire surface

be 1.98.

6.4. Conclusion

The gas sensing properties of In2O3 nanowires, response is of the order of 475 
/sec

for NH3 and for CH3OH, it is of the order of 20 
/sec. The response of the nanowire

to a change in its environment is explained on the basis of an energy band diagram. The

process of electron transfer between the In2O3 and NH3 were explained in detailed. For NH3

sensing, the sensitivity of the nanowire gas sensor is estimated to be 2.86 and for CH3OH,

the sensitivity is estimated to be 1.98.
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CHAPTER 7

SUMMARY AND FUTURE PROSPECTIVES

7.1. Thesis Objectives and Achievements

The objective of this thesis was the synthesize of high quality In2O3 nanowires, using

a simple cost e�ective technique and to study their characteristics as well as assess their

suitability for device applications. This objective was successfully achieved by synthesizing

defect free In2O3 nanowires by chemical vapor deposition (CVD) growth process, using the

vapor-liquid-solid (VLS) growth mechanism. Structural characterization achieved through

scanning and transmission electron microscopy showed that the as-grown nanowires had

stoichiometric chemical composition and there were no presence of any structural defects

in the form of stacking faults or twinning defects. The nanowire morphology was found to

be highly dependent on growth parameters such as temperature, carrier gas ow rate and

thickness of the seed layer(metal catalyst). Though the synthesis process of In2O3 nanowires

has been described in earlier published works, there has been no previous study on highlighting

the e�ect of growth parameters on morphological changes in these nanowires. My work has

also demonstrated the role of oxygen vacancies that arise as intrinsic point defects in In2O3

nanowires in the optical and electrical properties. To the best of my knowledge this is the

�rst work implicating the role of oxygen vacancies in the properties of nanowires as well as

con�rmation that these defects primarily reside on the nanowire surface. I also present results

of reducing the surface defect concentration through a process of surface treatments, for the

purpose of acquiring high quality In2O3 nanowires. Electrical transport measurements on a

single nanowire also con�rms the role of oxygen vacancies, which is shown to be the origin

of the carriers in the nanowire. Optical characterization of an array of In2O3 nanowires by

PL spectroscopy show the presence of strong UV emission peaks and defect peaks related to

O2 vacancies; the concentration of which can be reduced by surface etching and passivation.
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Finally, I present my results on the gas sensing properties of a single In2O3 nanowire, which

is promising for the potential development of highly e�ective gas sensors.

7.2. Conclusions Based on Experimental Findings

The VLS growth mechanism in relation to the growth of In2O3 nanowires with Au

as a catalyst has been demonstrated. The growth procedure was demonstrated for two

metal catalyst(Au and In) which served as the seed layer for the growth of In2O3 nanowires.

The growth parameters were determined from the appropriate phase diagram. The optimum

growth temperature was determined to be 700�C, with a seed layer thickness of about 30 nm.

At higher temperatures, the as-grown nanostructures showed a branched morphology which

was ascribed to epitaxial growth from the nanowire edges. There are several growth param-

eters that a�ect the crystallinity, stoichiometry and morphology of the growing nanowires.

These factors and their e�ect on the characteristic structural features are discussed and the

steps to be taken for optimizing the growth conditions were explained.

The compositional and structural properties of In2O3 nanowires are detailed in Chapter

3. The morphology and composition is observed by SEM which shows that the nanowires

have length of over 10{20 �m and diameters in the range of 80{100 nm. The nanowires

are uniform and no structural defects were observed. HRTEM and SAED conforms the

crystal structure, lattice parameter and growth direction which conforms that the nanowire

is In2O3, with a BCC structure, lattice parameter of 5.1�A and the nanowires have a < 001 >

growth direction.X-ray di�raction (XRD) conforms that the di�raction peaks are indexed to

crystal planes of BCC structure for In2O3. No unreacted elemental indium, which was used

as the seed layer to initiate VLS growth was detected. The low frequency Raman line at 113

cm�1, 135 cm�1, 150 cm�1 comes from the vibrational modes of cubic In2O3. The peak 520

cm�1 comes from the vibrational mode represents the crystalline silicon, the underlying silicon

substrate on which the nanowires were grown. In conclusion, the growth process described in

Chapter 2 of this thesis yielded high crystalline quality, stoichiometric In2O3 nanowires with
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lengths over tens of microns and diameters in the nm range. Such single crystal nanowires

have huge potential in future device applications.

Results of optical characterization of In2O3 nanowires are presented in Chapter 4. The

PL spectrum shows a strong near band edge emission peak at 3.2 eV, which is considerably

stronger than those reported in earlier works. In fact, the observation of a strong UV peak

in In2O3 nanowires has been considered a challenge. My work shows that control over defect

formation through a control of the growth parameters will enable the realization of good

optical quality In2O3 nanowires. The defect peaks in the PL spectrum were observed at 2.85

eV, 2.66 eV and 2.5 eV; these are believed to be due to the presence of oxygen vacancies and

indium interstitials. Since these oxygen vacancies are known to reside on nanowire surface, the

In2O3 nanowires are subjected to surface treatment that includes chemical etching followed

by surface passivation. A comparison of the PL spectrum before and after annealing shows

an enhancement of the near-band edge (NBE) peak and a reduction in the defect related

peak. The enhancement of the NBE emission to the defect related emission is attributed to

the reduction in the concentration of O2 vacancies as a result of annealing. A comparison

of the PL spectrum before and after passivation shows that there is a strong reduction in

defect related peak after passivation. Thus I can con�rm that defects in In2O3 nanowires

migrate to their surface and surface treatments which include surface etching and passivation

are e�ective routes to reduce defect concentration and improve nanowire quality.

The electronic properties of In2O3 nanowires were studied using 3-terminal transport

measurements on a single nanowire at room temperature. The In2O3 nanowires were trans-

fered on to the Si substrate which was covered with 200 nm of SiO2 to provide back gating

to the nanowire. Au electrodes were subsequently patterned at the two ends of a single

nanowire to function as the source and drain electrodes. The silicon substrate was used as a

back gate in the electronic measurements for determination of �eld e�ect mobility and carrier

concentration. Based on these studies, the resistivity, transconductance, �eld e�ect mobility
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and carrier concentration of the In2O3 nanowires were determined to be 1.82�10�2
 cm,

11.2 nS, 119 cm2V�1s�1 and 4.89 �1017cm�3 respectively. The origin of these carriers is

attributed to the presence of oxygen vacancies that are created in the nanowire as a con-

sequence of the growth conditions. Temperature dependent transport measurements on a

single In2O3 nanowire, in the temperature range 120 K - 324 K, showed a linear Arrhenius

plot of conductivity versus 1/T, suggesting thermally activated conduction with a single ac-

tivation energy. The activation energy for this thermally activated conduction was estimated

to be 0.096 eV.

The gas sensing properties of In2O3 nanowires, response is of the order of 475 
/sec

for NH3 and for CH3OH, it is of the order of 20 
/sec. The response of the nanowire to a

change in its environment is explained on the basis of an energy band diagram. The process of

electron transfer between the In2O3 and NH3 were explained in detailed. For NH3 sensing, the

sensitivity of the nanowire gas sensor is estimated to be 2.86 and for CH3OH, the sensitivity

is estimated to be 1.98. These values are comparable to previously reported values on

7.3. Future Works

Synthesis of defect free In2O3 nanowires is the �rst step towards the development of

this material for potential nanoscale device applications. The light emission property of In2O3

nanowires in the UV region at room temperature, suggests a possible application of these

nanowires in nanoscale optoelectronic devices. Since In2O3 is a transparent oxide, it can be

doped with conducting elements like Tin (Sn) to develop transparent conducting oxides like

Tin-doped Indium Oxide (ITO) which has huge commercial applications in devices like LEDs,

solar cells etc. The development of miniaturized gas senors that could be fabricated using

nanowires as e�ective gas sensors also has many promising applications such as sensitive gas

senors for alcohol monitoring, toxic gas detection etc..

The amorphous layer on surface of the nanowire can degrade the electrical properties

of the nanowire. An extensive study of the e�ect of annealing and passivation on improv-
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ing the electrical properties of In2O3 nanowires in terms of improved carrier mobility and

transconductance is also warranted. Further, these nanowires could be intentionally doped

to improve carrier concentration and lead to device development.

Figure 7.1. SEM image of parallel array of In2O3 nanowires patterned by con-

tact printing

This thesis demonstrates the e�ectiveness of a single nanowire to the presence of

speci�c gases. I have recently developed a technique of patterning nanowires in a parallel

array using contact printing. This is shown in Figure 7.1. I believe an array of contacted

nanowires will show higher sensitivity to the presence of gases since this array will have a

higher exposure of surface area. It is also worthwhile to study the gas sensing properties as

a function of temperature, gate dependent measurements and gas ow rate measurements.

I believe the results of this study is promising for the development of In2O3 nanowires for

several promising device applications.
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