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Abstract:

Single crystal hexagonal aluminium nitride snanotips are fabricated using vapor

transport, from aluminium powders heated to°950°C in presence of ammonia gas, and

condensation process (VTCP) on.silicon substrates with or without catalyst layer. The

resultant tips have very sharp nanoscale apexes (~ 1 nm) while their base and length

up to hundreds of nm and several microns, respectively, are observed. Critical role of

the gold catalyst layer thickness in controlling the size of tip has been demonstrated in

addition to a catalyst-free growth mode resulting in lesser control over the nanotip

morphology. Nevertheless, a remarkably narrow distribution in the apex angle of the

nanotips, regardless of the use of catalyst in VTCP, has been obtained. Unlike the

commonly observed ridge and pyramid structures, the nanotips produced by VTCP

have higher angles (~81°) between the tilted (221) and the basal (001) planes that



encase it. A mechanism for this self-selective apex angle in aluminum nitride nanotip

growth has been proposed.

However, if we take the growth temperature as a variable parameter, but keep other

condition fixed. At lower growth temperatures, around 950 °C, AIN nanotips with

apex diameters of 10 nm, base diameters of ~100 nm, and length of ~2000 nm were

obtained. On the other hand, as the growth temperature approached 1200 °C, we

observed a broadening of the tip area, a shortening of the height and a complete

transformation to AIN nanorods. Compelling microscopic evidences were obtained to

show that stacked AIN platelets of diminishing size formed the building blocks of the

nanotips. A reducing Ehrlich- Schwoebel barrier introduced into a diffusion mediated

growth model explains the formation of AIN-'nanorods at increasing growth

temperatures.

The optical properties of wurtzite AIN nanotips are characterized by

cathodoluminescence (CL), photoluminescence (PL), thermoluminescence (TL), and

UV absorption. CL measurement shows two defect related transitions around 2.1 and

3.4 eV and a well resolved excitonic feature in the near band-edge transition ~ 6.2 eV.

Two broad peaks centered nearly at 2.1 and 3.4 eV were also observed from the PL

and TL spectra. Analysis of the excitation spectra of both PL and TL measurements

suggested the existence of multifold energy levels within the gap. The optical



absorption spectrum shows that the nanotips exhibited three absorption centers
located at 6.2, 5.0, and 3.4 eV, respectively.

A new substrate for surface enhanced Raman spectroscopy has been developed in
the form of AIN nanotips. The surface area of the nanotips is quiet high for the
post-metal deposition. lon beam sputtered silver self assemble on these substrates as
nanoparticles of 5-10 nm diameter and these metallic nanoparticles act as surface
enhancement centers for Raman spectroscopy. Standard molecule such as Rhodamine
6G of concentrations of 10°® M has been studied on these substrates and
enhancements in the range of 10° was observed.

Here, we report the field emission (FE) properties of the quasi-aligned aluminum
nitride (AIN) nanotips grown ondifferently doped(p*, p, n*, and n type) silicon (Si)
(100) substrates. The AIN nanotips grown on p*-type Si substrate showed the lowest
turn-on field of 6 VV/um (highest current density of 0.22 A/cm? at a field of 10 V/um),
whereas no significant emission could be obtained using n*- and n- type Si substrates.
Band diagrams of the heterojunction between the Si substrate and the AIN nanotips
have been used to explain this charge carrier related FE from wide band gap AIN
nanotips. The FE from the AIN nanotips prepared on p*- and p- type Si substrates
were found to be stable for more than 10 hours while extracting a constant current

density of 100pA/cm? with the applied field varying by only about 5% and 10%,

VI



respectively.

Vil



® B

"ER R RPN xS ’fjﬁﬂg’%*&’i" - M2 E
rE - FTHFRERF o

AR B AL £ TR B AU AR B AR Ao BAE

ST R L A R EAR R LS REEYRRET -

AF R M g R AL R 2 g R MG R SR A TG
P LB BRI AR SRR R o e R B R A TR R
SRR R AT AR M R R R R B By g T g L g
AenA o PRI N - AT S AT RA > A RWMEA LKL < P
F PR SR PSR GRS HATRR £ & - B hF &R P

A EER B X F T ,;Iﬁ,;gqr - P2 s ,qﬁ,)égéﬂ%m 0

B isB *3‘,-;4]}3 ;;1—;\ m’g‘\A —fr»A i&’yf;k e 5 e ;}3; y { A 3 ni YT R ,rﬂ_;{a

PBAE » 4 % ﬁf.‘]’mmgjz@vﬁ”w. BRI LL’*?}ng‘}“&?rié HIRA % PP %

VI



Abstract (Chinese)
Abstract (English)
Acknowledge (Chinese)
Table of Contents

List of Figures
List of Tables

Chapter 1

Chapter 2

Chapter 3

1.1
1.2
1.3
1.4
1.5
1.6

2.1

2.2
2.3
2.4

3.1

2.11
2.1.2

24.1
2.4.2

Table of Contents

Page
____________________________________________________ I
---------------------------------------------------- \Y%
---------------------------------------------------- VI
---------------------------------------------------- 1X
---------------------------------------------------- XII
---------------------------------------------------- XVI
Introduction-----------=----m-mmemmm oo 1
Preface---------==mmmomm e 1
Nitride-based materials ----------------------- 2
Aluminum nitride ----------------------=------ 3
Nano-size requirement ------------------------ 4
One-dimensional nano-materials ------------ 5
MotivatioN=====---2os oo 6
A brief review of growth and fundamental
theOry -----mm e 8
Growth mechanism -----------------------—-—- 8
Vapor-Liquid-Solid growth (VLS) --------- 8
Vapor-Solid growth (VS) -------------------- 11
Luminescence of semiconductor ------------ 11
Raman spectroscopy -----------=----==-------- 17
Field Emission ------------=--=--mmmmmmm e 27
Field Emission from metal ------------------- 27
Field Emission from semiconductor -------- 30
Experimental method-------------------------- 32
Experimental details---------------------==---- 32



Chapter 4

Chapter 5

3.2

3.3

4.1
4.2
4.3
4.4

5.1
5.2
5.3
5.4

3.3.1
3.3.2
3.3.3
3.34
3.35
3.3.6
3.3.7
3.3.8
3.3.9
3.3.10

Atmospheric pressure chemical vapor

deposition --------mm-mmmmm o 32
Characterization of AIN nano-structures --- 35
Scanning electron microscopy (SEM)------ 35
Transmission electron microscopy (TEM) - 35
Electron energy loss spectroscopy (EELS) 35
X-ray diffraction spectroscopy -------------- 36
Micro-Raman spectroscopy------------------ 36
Cathodoluminescence ------------------------ 37
Photoluminescence ---------------=--=--------- 38
Thermoluminescence --------------==-=------- 38
UV absorption ---------==-=mmmmmmmmmmmmm e 39
Measurement of field emission

characterization, --==--------------------------- 39
Growth of “AIN nanotips by means of

APCV D775 - oo 41
AIN nanetips-growth -------------------------- 41
Results and discussion ------------------------ 43
Growth mechanism of AINNTS ------------- 54
Summary ----=-==-==mmmmmm oo 58
Structural evolution of AIN nano-structure:

Nanotips and Nanorods ---------=----=-=------ 59
Nanotips and Nanorods ----------------------- 59

Structural evolution of AIN nano-structure 63
Magic ratio -----=-=-====s=s=cmemeomcmceaeaene- 73

SUMMANY ==-=======mmmmmm oo 79



Chapter 6

Chapter 7

Chapter 8

Chapter 9
Reference
Publication
list

Vita

6.1
6.2
6.3
6.4
6.5
6.6

7.1
7.2
7.3

8.1
8.2
8.3

Luminescence of AIN nano-structures ----- 80

Temperature dependent cathodoluminescence 81

Photoluminescence ---------------=--=--------- 84
Thermoluminescence -----------------=------- 85
UV Absorption -----------=---=mmmmmmmm oo 87
Luminescence model ------------------------- 89
SUMMANY =-=======mmmm e eeee 91
Surface enhanced Raman properties of

AIN nanotips -----------===-====mmmsmmmm oo 92
Experimental ------------------m-mmmm oo 95
Results and discussion------------------------- 96
SuUMMary -------------mmm oo 102
Field emission from quasi-aligned AINNTs 103
Experimental #2---2--------------- oo 104
Results and discussion------------------------- 106
SUMMARIEE T8 - 4= -------===========m==mmnn 115
ConclusjeRsgsss------------------------=------ 116
---------------------------------------------------- 119
---------------------------------------------------- 134
---------------------------------------------------- 136

Xl



FIG 2.1

FIG. 2.2

FIG. 2.3

FIG 2.4

FIG. 2.5

FIG. 2.6

FIG. 2.7

FIG. 2.8

FIG. 2.9

FIG. 2.10

FIG. 2.11

FIG 3.1

FIG 4.1

FIG.. 4.2

FIG. 4.3

List of Figures

Schematic diagram of VLS growth mechanism. The nanowire growth

includes three stages of (a) alloying, (b) nucleation, and (c) axial

Schematic diagram of transitions in a semiconductor. E. is the
conduction band, E, the valence band, E. the exciton level, Eq the
donor level, and E, the acceptor level ----------=-mmmmmmmmmmm e
Energy gap of different compound semiconductors as a function of
lattice CONStaNt ---------=-=mm e
Mechanism of (a) IR, and (b) Raman spectroscopy -----------------------
Energy levels of IR, normal Raman, resonance Raman, and
fluorescence spectra. R: Rayleigh scattering, S: Stokes Raman
scattering, A: anti-StokesS'Raman scattering ------------------=-======------
Crystal structure views of wurtzite along different directions: (a)

[0001], (b) [1120],and (€) [LOIO] ----ser-mmsmmemememememmmmmememenenees

Crystal structure views of*zincblende along different directions: (a)
[100], (b) [110], and (C) [1AA] ==s5rmmmmmmmmmm oo
Optical phonon modes in wurtzite structure ------------========mmemmeuuv
Diagram of potential energy of electrons at the surface of metal --------
Diagram of potential energy of electrons at the surface of an n-type
semiconductor with field penetration into semiconductor interior ------
Schematic diagram of the atmospheric pressure chemical vapor
depOSItION SYStEM == mmmmm e e oo e e
Typical SEM images of the AIN nanotips grown with (a) 7 nm, (b) 15
nm, and (c) 50 nm thick Au layer on Si. (d) Typical cross section SEM
image of AIN nanotips grown with 15 nm Au coated Si substrate -------
SEM images of AIN nanotips grown with (a) Al (15 nm), (b) Pt (15
nm), (c) no metal coating, on the Si substrate, respectively --------------
SEM images of AIN nanotips grown with Au (15 nm on Si) for (a) 15
min, (b) 20 min, (c) 25 min, and (d) the corresponding TEM-EDS

Xl

10

14

15

16

18

22

23

23

25

29

31

34

47

48



FIG. 4.4

FIG. 4.5

FIG. 4.6

FIG. 4.7

FIG. 5.1

FIG. 5.2

spectra of the AIN nanotip and nanoparticle marked (A) and (B) in

(a) Typical XRD spectra taken at two different stages of growth. The
initial stage shows only Al signals and the corresponding one with
fully grown nanotips shows two crystalline phases of Al and
hexagonal AIN. (b) Raman spectrum, with a discontinuous abscissa, of
the AIN nanotips on silicon substrate. Inset shows a continuous Raman
spectrum of the AIN nanotips with the silicon signal included. All the
XRD and Raman spectra were measured from samples prepared on 15
nm Au coated Si SUDSErate -------------=-m-mmmm oo
(a) TEM image of an AIN nanotip, (b) High resolution TEM image of
a single AIN nanotip with clear lattice images. The inset shows a
SAED pattern of the nanotip indicating the single-crystalline nature
with [110] zone axis and the growth direction along [001]. (c) TEM of
a single AIN nanotip withscorresponding (d) Al, and (¢) N mapping
using EELS ---------- e e e e
Schematic diagram=0f.growth mechanism of AIN nanotips. (a) Au

layer was coated on the -Si“substrate. (b) Gold or Gold-silicide
nanoparticles shape “up. as' the nucleation sites for the subsequent
aluminum deposition. (c) Aluminum and nitrogen are absorbed on the
nucleation sites bringing about the initial growth of AIN nanotips. (d)

AIN nanotips elongate with time when reaction temperature is kept at

Atomic arrangement in AIN crystal showing the stable ““nongrowth™

surfaces of (a) (221), (b) (1i1), and (c) (1i2) making angles of 81°,
61° and 43°, respectively, with the basal plane. The c-axis shown in
the figure is [001] direCtion -----=--===mmmmmmm oo
Typical SEM images of the AIN nanotips on silicon substrates (coated
with 15 nm of gold) grown under (a) 950, (b) 1000, (c) 1100, and (d)
1200 °C, respectively —------mmmmmmm oo
Typical cross section SEM image of AIN nanotips grown coated with
15 nm Au coated Si substrate under (a) 950, (b) 1200 °C, respectively.
Inset in (a) and (b) show the SEM image of AIN nano-product grown

XMl

49

51

53

55

57

60



FIG. 5.3

FIG. 5.4

FIG. 6.1

FIG. 6.2

FIG. 6.3

FIG. 6.4

FIG. 6.5
FIG. 7.1

for 25 minutes, respectively. (c) Typical XRD and (d) Raman spectra
taken from the AIN nanostructures in Figure 2(a) and 2(b),
respectively. The two vertical dashed lines in Figure 2(c) represent
bulk AIN positions for (100) and (002) reflections (JCPDS 25-1133)---
(@) The cross-sectional view of hexagonally close packed wurtzite
crystal structure of AIN. (b) The plan-view of a bilayer of hcp AIN.
There are two types of lateral growth directions marked as A and B ----
(a-d) High resolution SEM images of the AIN nanostructures produced
at different growth temperatures; (¢) HRTEM image of the edge of
AINNTSs showing the step edges, including the step height (h) and step
spacing (A); a schematic aiding in the estimation of the semi apex
angle (¢/2) is also shown; (f) HRTEM image of the edge of AINNRs
showing uniform diameter without tapering via step edges --------------
Temperature-dependent CL spectra from AINNTs grown on Si
substrate measured between 4 t0/.300 K. The inset shows the near band
edge transition which:can be resolved into two peaks ---------------------
PL and PLE spectrumyof AINNTs -measured at room temperature. PL
were taken from by the 5.0 (A), and 3.5 (@) eV excitation,

respectively. PLE were taken with_the detection at 3.2 (/\), and 2.1

TL spectrum of AINNTs measured at different temperature between 66

to 145°C with 206 nm excitation. TLE were observed at very near

DaNd edQE - m e
UV absorption spectrum of AINNTs showing major absorption process
taking place -------==mmmmm oo
Schematically drawing of luminescence model of AIN -------------------
(@) Cross section and top view (inset) SEM image of quasi aligned
AIN nanorods; (b) Top view SEM image of Ag-coated AIN nanorod;
(c) Cross section view of Ag-coated AIN nanotips; (d) High
magnification SEM image of Ag-coated AIN nanotips; (e) X-ray
diffraction spectrum of as-grown and Ag coated AIN nanostructures

clearly shows a preferred orientation along [002] (26=36.04°) ----------

XV

62

67

70

83

84

86

88
90



FIG. 7.2

FIG7.3

FIG 8.1
FIG. 8.2

FIG. 8.3

FIG. 8.4

(@) TEM image of a single Ag-coated AIN nanorod (the arrows
showing the nc-Ag); top and bottom inset shows the SAED pattern
and the electron energy loss spectroscopy (EELS) spectrum of the
as-grown AIN nanorod, respectively; b) HRTEM image of the
as-grown AIN nanorod lattice; ¢) SAED pattern of the Ag-coated AIN
NANOTOQ === == oo e oo
Raman spectrum of (a) the as-grown AIN nanorods, (b) as-grown AIN
nanorods with R6G, and (c) SERS spectrum of Ag coated AIN
nanorods with R6G, (d) as-grown AIN nanotips, (e) as-grown AIN
nanotips with R6G, and (c) SERS spectrum of Ag coated AIN nanotips
WIth RBG =mmmmmmmmm e e
Schematic diagram of field emission measurement -----------------------
Typical FESEM (a) top view, (b) cross section images of AIN
nanotips ; (c) top view, (d) cross section images of AIN nanorods
grown on P*-Si SUDSErate -z s smr e
(a) Field emission characteristi¢-curves for quasi-aligned AIN nanotips
emitter (emitting area 0.06 cm?) grown on (A) p*-type Si, (/) p-type
Si, (M) n"-type Si and () n-type Si, respectively. (%) is the AINNRs
grown on p*-type Si. fnset shows the F-N plot for field emission of the
AIN nanotips grown on (A) p* and (<) p-type Si; (b) Emission
stability of AIN nanotips grown on (A) p* and (%) p-type Si
substrates, where the emission current was kept at a constant value of
100 (£ AL CM =

Representative band diagram for (a) Si (n-type)-AIN and (b) Si
(p-type)-AIN heterojunctions, before and after thermal equilibration.
Ec, Ev, Er stands for the conduction band, valence band and Fermi
level, respectively, of AIN. Ecn, Evn, Ern Stands for the conduction
band, valence band and Fermi level, respectively, of n-type Si and Ecp,
Evp, Erp stands for the conduction band, valence band and Fermi level,

respectively, of p-type Si -----=-=-mmmmmm e

XV

100

102
105

107

110



Table 2.1

Table 5.1
Table 5.2
Table 5.3
Table 5.4

List of Tables

Typical phonon frequencies in hexagonal and cubic AIN obtained by

Raman spectroscopy at room temperature -----------=-==-=-==-=-z-m-u---- 26
N1/N2 ratio OFf AIN ==-mnemmee oo e 75
N/ ratio of GaN ------------——-m e 76
N1/ ratio Of INN ==--mememm e oo 77
N1/Nz ratio Of BN -=-e-ememme e e e 78

XVI



Chapter 1

Introduction

1.1  Preface

Technology in the twenty first century requires the miniaturization of devices into

micrometer, even nanometer sizes while their ultimate performance is significantly

improved. It raises many attentions concerning new materials for accomplishing

specific demands. Nanostructured materials, a new branch of material research,

represents an exciting and rapidly expanding research area due to their potential

applications in electronics [1], optoelectronics [2], catalysis [3], sensors [4], magnetic

data storage [5] and nanocomposites [6]. The size; surface state and inter-particle

relationship dominate the unuSual “properties .and rise up the performances of

nanomaterials.

A splendid point of nanomaterials is the surface/interface to volume ratio which is

crucial in applications, especially in sensing sphere. Moreover, the finite size of the

nanomaterials confines the spatial distribution of the electrons, leading to the

quantized energy levels due to the reduced size [7]. Therefore, investigate on

nanomaterials supply a great platform for understanding effects in a nanostructured

system, which could lead to major progress in developing solid state devices.

Since the discovery of carbon nanotubes [8], nanoscaled materials including



qguantum dots, nanotubes, and nanowires have attracted great interest due to their

exceptional properties. Nitride materials play a strategic position in materials science

and engineering as one of the most versatile and far-reaching materials. A crowd of

developed growth manners now have the opportunity to offer a large variety of nitride

materials with tailored properties and functions. Nanostructured nitride-based

materials, in particular, provide a growing number of applications which apparently

depend on its nanoscale constitution. In behalf of understanding the relationship with

materials performances and nanostructured materials, characterization and

manipulation techniques have to beideveloped and fully mastered on the nanometric

scale.

1.2 Nitride-based materials

The outstanding thermal and chemical stability of nitride-based materials enable

them to operate at high temperatures and in hostile environment, and also make them

attractive for high power/frequency operation. For optical emitters and detectors,

nitride-based materials have demonstrated operation in the green, blue, or ultraviolet

(UV) spectra [9]. Furthermore, for example, gallium nitride (GaN) is also chemically

inert and radiation resistant and has been considered as a stable photocatalyst in

photo-electrochemical fuel cell [10], while indium nitride (InN)/silicon (Si) tandem



cells have been proposed for high efficiency solar cells [11, 12].

1.3 Aluminum nitride

The properties of aluminum nitride (AIN) indicate that it has great potential for

several applications. The direct band gap of 6.2 eV [13] suggests the possibility of

windows which would transmit light in the UV region of the spectra and, if properly

doped, optoelectronic devices which would emit light in the same spectral region,

Second harmonic generators have also been proposed to make use of the high

nonlinear optical susceptibilities [14]. This material also possesses very high surface

acoustic wave velocity [15-16]. In addition; it is distinguished by high hardness,

transparency in the visible, infrared (IR) ranges, a melting point in excess of 2275 K

[17], high electrical resistivity and excellent thermal conductivity. These last two

properties coupled with a static dielectric constant of ~ 9.0 have been commercially

exploited in recent years in the manufacture of sintered ceramic heat sink [18]. The

material is also unaffected by electromagnetic radiation, electron and ion

bombardment or shock waves [19]. Consequently, it is of equal importance to just

being an active component of the nitride optoelectronic devices, AIN has also

attracted extensive interest for applications as electrical packaging material due to its

high thermal conductivity and low coefficient of thermal expansion that closely



matches that of Si, and as components in structural composites owing to its excellent

mechanical strength [20].

1.4 Nano-size requirement

Nano-system defined as having features or characteristic lengths between 1 ~ 100

nm, exhibits particularly uncommon and fascinating properties. The new generation

nano-system compared to the former micro- and meso-systems represents significant

superiorities list below:

(I) Miniaturization

In the world of electronics devices, “smaller” means faster response, lower cost,

lower power consumption and higher performance.- To achieve foregoing demands, it

is thought to be efficient to use nanostructured materials instead of the micro-size

ones.

(11) Amazing incredible property

Nanoscale materials exhibit great prospects in the fundamental physical and

chemical sciences as well as modern nanotechnology, such as quantized excitation

[1,21], Coulomb blockade [22] and metal-insulator transition [23]. For the application

on field emission, nanoscale materials are expected to provide desirable improvement.



1.5 One-dimensional nano-materials

The discovery of carbon nanotubes (CNTs) [8] caused an avalanche in
nano-scale research with perennial efforts to uncover new nanostructures of single
elements and compounds. This saw the evolution of metallic, polymeric and more
importantly semiconducting nanostructures, including CNT analogues (BC [24] and
BxCyN; [25]), layered chalcogenides (WS, [26], ReS; [27], M0S; [28,29], NbS;, TaS;
[30], MoSe; and WSe; [31]), and oxide-based compounds (ZnO [32-37], VO [38-43],
TiO; [44-55], SnO, [56-61], GeO, [62,63], ZrO, [64], SiO, [65-67], Al,O3 [68,69],
In,O3 [70,71], Ga,03 [72-75], Y,03176], Fes04 [7.7], W1sO49 [78], IO, [79-84], RuO,
[85], and rare-earth oxides [86].) ‘One-dimensional (1D) nano-scaled materials, such
as nanorods (NRs), nanowires (NWs), nanobelts (NBs), and nanotips (NTs), proved to
be an ideal system to study the effect of low dimensionality on their physical and
chemical properties, which remain as critical functions of their dimensions and
distinct morphology [87-89]. The huge surface area of these one dimensional
nanostructures, that play an important role in governing their properties, is also the
root cause for their degradation and instability. However the wide bandgap compound
nanostructures such as SiCN nanorods [90] or BN [91-94] are comparatively stable.
This fact has led researchers to apply an overcoat of stable silica [95] or boron nitride

[96,97] on the otherwise nanostructures to enhance the performances. Also because



the nitride systems, most of them with direct bandgap, cover a broad emission range

from IR well into UV, these scientific interests and potential applications have

brought out significant efforts for the synthesis of certain 1D nanostructures of

nitrides. Among them, group I1I-nitrides compounds, such as GaN NWs [98-103], and

INN NWs [104-106] with near perfect crystal characteristic provide an opportunity to

investigate the intrinsic properties that is difficult to achieve in bulk system.

1.6 Motivation

AIN has many importants behaviors,:. especially in low dimensional

nanostructured materials. However, there are‘only a few papers reported on either in

synthesis process or characterized properties of nano-size AIN. The goal of this

dissertation is to present the efforts to develop a new method of atmosphere pressure

chemical vapor deposition (APCVD) to prepare 1D AIN nanomaterials. Development

and modification of nanomaterials involve several key steps. First, synthesis of size

and even shape controlled nanomaterials is the key for developing new materials.

Second, characterization of nanostructures is indispensable to understand the behavior

and properties of nanomaterials. Third, experimental results are vitally important to

understand and predict the difference of material’s performance. Finally, the ultimate

aim is to utilize the nanomaterials for the application sphere.



The research background and the experimental section will be introduced in

chapter 2 and chapter 3, respectively. Chapter 4 and chapter 5 will state the formation

conditions of 1D nanostructured AIN in our APCVD experiments. The growth model

of quasi-aligned AIN nanotips (AINNTs) and AIN nanorods (AINNRs) will be

discussed. Very interesting optical properties of AINNTs including

cathodoluminescence (CL), photoluminescence (PL), thermoluminescence (TL), and

ultraviolet absorption spectra will be presented in chapter 6. Chapter 7 will display the

surface enhanced Raman properties by using nanostructured AIN. The field emission

characteristics of AINNTs will be studied anddiscussed in chapter 8. Finally, chapter

9 will conclude the results of our works.



Chapter 2

A brief review of growth and fundamental theory

2.1 Growth mechanism

2.1.1 Vapor-Liquid-Solid growth (VLS)

There are several growth techniques for nanowire-like materials. Conventional

vapor-liquid-solid (VLS) growth is the most common synthetic process [107,108].

The synthesis of nanowire via the VLS process commonly relies on metal clusters

such as Au, Fe, Co, and Ni, which inevitably results in undesired contamination

within the otherwise single-crystalline nanowires. VLS growth mechanism has three

stages. (a) Alloy process: a metal-or oxide catalyst is deposited on the substrate, first.

With increasing nanowire elements (NE) vapor condensation and dissolution, catalyst

and NE vapor form alloy and liquefy. The volume of the alloy droplets increases, and

the NE contrast decreases. A biphasic region (catalyst and catalyst/NE liquid alloy)

and a single phase region (liquid) coexist. (b) Nucleation: Once the composition of the

alloy crosses the liquidus line, it enters a biphasic region (catalyst/NE alloy and NE).

This is where the nucleation starts. (c) Axial growth: Once the NE nucleates at the

liquid/solid interface, further condensation/dissolution of NE vapor into the system

will increase the amount of NE crystal precipitation from the alloy. Then, the



nanowire is grown, and the lateral size is confined by the catalytic size. Schematic

illustration of the VLS growth mechanism is shown in Fig. 2.1 [108].

A similar process of VLS growth is self-catalytic VLS growth [109]. The

self-catalytic VLS growth mechanism is a reassembled process, which is different

from conventional VLS process as mentioned above. The nanowires nucleate and

grow from metal droplets formed during thermal deposition of compound material,

like Ga droplets formed from GaN, at elevated temperatures in a vacuum. The Ga acts

a self-catalytic role as well as the foreign metal or oxide catalyst. The decomposition

of GaN generates atomic nitrogen.species as well as small percentage of congruent

evaporated diatomic or polymeric GaN species [110,E11]. Liquid Ga further catalyzes

the decomposition of GaN. Thé:vapor species then re-dissolve into the Ga liquid

droplets and initiate the VLS nanowire growth by supersaturating the liquid Ga and

establishing a liquid-Ga/solid-GaN interface.
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FIG. 2.1 Schematic diagram ©of \VLS growth mechanism. The nanowire growth

includes three stages of (a) alloying, (b) nucleation, and (c) axial growth [108,112].
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2.1.2 Vapor-Solid growth (VS)

Vapor-solid (VS) growth is a vapor species directly transformed into solid
nanowire process [72,113,114]. The VS process does not need catalyst to assist the
nanowire growth. Therefore, it does not undergo a liquid-alloy stage. In VS growth,
structural defect of substrate plays an important role both during the nucleation and
the preferable axial growth of the nanowires. The originated elements of the nanowire
can be a compound material itself or the composition of the raw materials. For
example, GaN nanowire was synthesized by evaporation of GaN powders at very high
temperature at 1200 ‘C in Ar or NH3 atmosphere, and subsequently cooled to room
temperature. No Ga-rich nanoparticles were detected-at any GaN nanowire tips [114].
As mentioned-above, the nanowire growth has a wvery important characteristic, i.e.

nanowires are grown independently from each other.

2.2 Luminescence of semiconductor

When a solid is supplied with a certain form of energy, it may emit photons besides
thermal radiation. This process is called luminescence. There are several types of
luminescence, which dependent on the excitation source. For example,
photoluminescence (excitation by photo), cathodoluminescence (excitation by

energetic electron or cathode rays), electroluminescence (excitation by application of

11



an electric field), chemiluminescence (energy supplied by chemical reaction), and so
on [115]. The emission of photon in luminescence processes is due to transition of an
electron from an initial state E; to a final state E; The emitted photon energy, or
wavelength, has a relation of

hv=hc/A=AE=E -E,

where £ is the Plank constant, v is the photon frequency, c¢ is the light speed in
vacuum, A is the photon wavelength, and AE is the energy difference between initial
and final state.

Luminescence emission spectra.can be divided into intrinsic (fundamental, edge)
emission and extrinsic (activated,’characteristic) emission. Intrinsic luminescence is
due to recombination process of:electrons and heoles across the fundamental energy
gap E,, so it is an intrinsic property of the material. The emission spectra, which
depend on the presence of impurity atoms or other defects, are extrinsic in nature.
Energy and crystal momentum must be conserved during the electronic transitions.
Energy band gaps of semiconductors can be separated into direct- and indirect gaps.
When valence band maximum and conduction band minimum occur at the same value
of wave vector K (see Fig. 2.2(a) [112]), the material is a direct-gap semiconductor. If
the band extreme do not occur at the same wave vector K (see Fig. 2.2(b) [112]), the

bandgap is indirect. Since the momentum of a photon is negligibly small and direct

12



bandgap is required for the emission of photon in order to meet total momentum

conservation.

In the optical transition process [116], a simplified set of transitions in

semiconductor is shown in Fig. 2.3. Process (a) is an interband transition; this

produces intrinsic luminescence. Although this recombination occurs from states

close to corresponding band edges, the thermal distribution of carriers in these states

will lead to broad emission spectra. Process (b) is a higher-energy emission involving

energetic or hot carriers, sometimes related to avalanche emission. Process (c) is the

exciton decay observable at low temperature. Both free-excitons and excitons bound

to an impurity may undergo such transitions. Process (d) is a deep transition. Deep

transitions involve transitions of:the electron from conduction band to an acceptor

level or transition form donor level to valence band. Process (e) is a donor-acceptor

pair recombination. Process (f) is called a shallow transition. This transition is from

the acceptor level to valence band or from the conduction band to donor level. Process

(g) is an intraband transition involving hot carriers, sometimes called deceleration

emission. As mentioned above, the transition involves radiative and non-radiative

recombination. Not all transition can occur in the same material or under the same

condition. An efficient luminescence material is one in which radiative transitions

predominate over nonradiative ones. Figure 2.4 shows the energy gap versus the

13



lattice constant for several compound semiconductors [117]. For AIN, both wurtzite

and zincblende structures are direct bandgap semiconductors, and the band gaps are

about 6.2 eV and 5.0 eV, respectively [118].

E Conduction E Conduction
/ band band
E, a0t EE’ il -
| hv = E, 4
= - - - T k
Valence

Valence band
band

(a) (b)

FIG. 2.2 Energy diagram of (a) direct- and (b) indirect-gap semiconductors. [112,116]
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FIG. 2.3 Schematic diagram of transitions in a semiconductor. E. is the conduction
band, E, the valence band, E. the exciton level, E4the donor level, and E, the acceptor

level. [112,116]
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FIG. 2.4 Energy gap of different compound semiconductors as a function of lattice

constant. [112,117]
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2.3 Raman spectroscopy

Vibrational transition can be observed in IR (infrared) or Raman spectra. Figure 2.5
shows differences in mechanism of Raman and IR. According to quantum mechanics
[119], a vibration is IR-active if the dipole moment is changed during the vibration,
and is Raman-active if the polarizability is changed during the vibration. In IR
spectroscopy, a molecule absorbs energy v=AhE from IR source at vibrational
transition. The intensity of absorption is governed by Beer-Lambert law:
I=1e" (2.3.1)
where [/ and [, are the intensities of incident and.transmitted light, respectively. a is
the molecular absorption coefficient [120], and & is the sample thickness. The

percentage of transmittance T(%)-18 given as

T(%) = Iix 100 (2.3.2)

0
The absorbance (A4) is defined as

A= logli =ad (2.3.3)

0

The IR spectroscopy often plots percentage transmittance 7(%) or absorbance 4 with

respect to the wavenumber to obtain the molecular vibrational modes.
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FIG. 2.5 Mechanism of (a) IR, and (b) Raman spectroscopy. [112,119]
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In Raman spectroscopy, an intensive laser with linear polarization is often used as

the excitation source. According to the classical theory, Raman scattering can be

explained in the following. The oscillating electric field strength (£) of an

electromagnetic wave is given by

E = E cos2mv,t (2.3.4)

where Ejis the amplitude of electric field and vy is frequency of incident laser. If a

diatomic molecule is irradiated by the laser, an electric dipole moment P is induced:

P =oaF = aE,cos2rv,t (2.3.5)

where o is the polarizability of thesmolecule. In general, o is a 3 x 3 matrix. In the

Cartesian coordinates,

PX aXX Xy Xz EX
Pl=|la, a, a.|E, (2.3.6)
[)Z aZX aZy zz EZ

The matrix, a, is called the polarizability tensor. In normal Raman scattering,

= a._ =a

Xy yx 2 Xz zx 2

and a, =« . The vibration is Raman-active if one of these

components of the polarizabilty tensor is changed during the vibration. If the

vibrational frequency of the molecule is v , the nuclear displacement ¢ is given by
q=q,co82nv,t (2.3.7)
where ¢ is the vibrational amplitude. For a small vibration, a can be expanded in

terms of ¢ as
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a=aq, +(a—aj q+... (2.3.8)
0

Here, ay is the polarizability at equilibrium position [2—0!} is the rate of change of a
9 Jo

with respect to the change in g evaluated at the equilibrium position. Substituting Egs.

2.3.4,2.3.7 and 2.3.8 into Eq. 2.3.5, Eq. 2.3.5 becomes

P=akE cos2nmvt

=a,E,cos2rv,t + (g—jj qoE,cos2rvitcos2av, t+... (2.3.9)
0

=a,E,cos2rv,t+ %(Z—a] 9.E, [cos{27z(v0 —v, Jt}+cos{2z(v, +v, )t}]+ .

0

The first term in Eq. 2.3.9 represents an oscillating dipole that radiates light of
frequency vy, which is called -Rayleigh scattering. The vy — v,, and vy + v, in the

second term are called Stokes and anti-Stokes Raman lines, respectively. It should be

. . [Oa) . o )
noticed that if (a—j is zero, the vibration is not Raman-active. In other words, to be
q /o

Raman-active, the rate of change of polarizability with the vibration must not be zero.

A simple diagram vibrational transitions is illustrated is Fig. 2.6 [121]. In IR
spectroscopy, only transition of v = 0 (vibrational ground state) — 1 (vibrational first
excited state) at the electronic ground state can be observed. For normal Raman
spectroscopy, an exciting laser energy vy is chosen so that its energy is far below the
first excited state. The virtual states are plotted as dotted lines to distinguish the real

excited state. According to the Maxwell-Boltzmann distribution law, the population

20



ratio of the v =1(P_,) and v=0(P_,) states is given by

e (2.3.10)

where AE is the energy difference between two states, 7 is the absolute temperature,
23

and k is Boltzmann’s constant (1.38 x 10  Joule/degree). In general, the population of
molecules at v = 0 is much larger than that v = 1. Thus, the Stokes lines (S) are
stronger than the anti-Stokes (A) lines under normal condition. Resonance Raman
(RR) scattering occurs when the exciting line is chosen so that its energy intercepts
the manifold of an electronic excited state. Finally, the fluorescence spectra are
observed when the excited state decays to-the lowest.vibrational state via radiationless
transitions and then emits radiation.

AIN normally has a wurtzite structure-with the space group of P63mc(C:V). The
wurtzite structure consists of alternating biatomic close-packed (0001) planes of Al
and N pairs stacked in an ABABAB sequence. Figure 2.7 shows the views of wurtzite
AIN along [0001], [1 IEO], and [IOiO] directions [122]. The zincblende structure of
AIN belongs to space group of F A_Bm(sz). The stacking sequence for the (111)
close-packed planes in this structure is ABCABC. Views of the zincblende structure

are shown in Fig. 2.8 [122].
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FIG. 2.6 Energy levels of IR, normal Raman, resonance Raman, and fluorescence
spectra. R: Rayleigh scattering, S: Stokes Raman scattering, A: anti-Stokes Raman

scattering. [112,121]
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(a) (b) (c)

FIG. 2.7 Crystal structure views of wurtzite along different directions: (a) [0001], (b)

[1120], and (c) [100].[112,122] 3%

FIG. 2.8 Crystal structure views of zincblende along different directions: (a) [100], (b)

[110], and (c) [111].[112,122]
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The first-order Raman scattering is caused by the phonon with a wavevector near I

point (k = 0), because the light scattering process must follow the momentum

conservation rule. According to the group theory selection rule, zincblende-type

materials have a doubly degenerate TO and a single LO phonon modes close to k& = 0.

The wurtzite-type crystal structure has eight sets of phonon modes at the I' point

namely 2A; + 2E; + 2E, + 2B;. A; and E; modes are acoustic phonon modes. The

remained six modes of A1 + E1 + 2E2 + 2B1 are optical phonon modes. Figure 2.9

shows an atomic displacement scheme of these optical phonon modes. Atomic

displacements in Al and Bl modes are along the c-axis, while the atomic

displacements in E1 and E2 modes are give-perpendicular to the c-axis. The Al and

El modes are both Raman and IR"active, while the two E2 modes are only

Raman-active, and the two B1 modes are silent modes of Raman and IR [123-125].

Typical wurtzite- and zincblende-AIN phonon modes are summarized in Table 2.1

[126-128].
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FIG. 2.9 Optical phonon modes in wurtzite structure. [112]
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Table 2.1 Typical phonon frequencies in hexagonal and cubic AIN obtained by Raman

spectroscopy at room temperature.

Hexagonal A(TO) E>(high) E1(TO) A.(LO) E1(LO)
126 607.3 653.6 666.5 884.5 912
127 610 656 669 890 911
128 619 677 893 918

Cubic TO LO
128 662 907
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2.4 Field Emission
2.4.1 Field Emission from metal

Field emission is a quantum-mechanical phenomenon in which electrons tunnel
through a potential barrier at the surface of a solid as a result of the application of a
large electric field. Field emission is distinct from thermionic emission and
photoemission in which electrons acquire sufficient energy via heating or energy
exchange with photons, respectively, to overcome the potential barrier. In field
emission external electric fields on the order of 10’ Vecm™ are required for
appreciable electron currents. The ptesence of the.electric field makes the width of the
potential barrier being finite, and'therefore permeable to the electrons. This can be
seen with the Fig. 2.10 [129], ‘which" presents a diagram of the electron potential
energy at the surface of a metal. The dashed line in Fig. 2.10 shows the shape of the
barrier in the absence of an external electric field. The height of the barrier is equal to
the work function of the metal, ¢, which is defined as the energy required to remove
an electron from the Fermi level Er of the metal to a rest position just outside the
material (the vacuum level). The solid line in Fig. 2.10 corresponds to the shape of the
barrier in the presence of the external electric field. As can be seen, in addition to the
barrier becoming triangular in shape, the height of the barrier in the presence of the

electric field E is smaller, with the lowering given by Eq.( 2.4.1) [130].
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A¢:( ek J”z 2.4.1)

4re |
where e is the elementary charge and &, is the permittivity of vacuum.

Knowing the shape of the energy barrier, one can calculate the probability of an
electron with a given energy tunneling through the barrier. Integrating the probability
function multiplied by an electron supply function in the available range of electron
energies leads to an expression for the tunneling current density J as a function of the

external electric field £. The tunneling current density can be expressed by Eq. (2.4.2)

which is often referred to as the Fowler-Nordheitn equation [131]

- E? —87[(2m)]/2¢3/2
- 87rh¢tz(y)exp{ 3heE v(y)}

(2.4.2)

where y= A¢/¢ with A¢ given by-Eq. (1), / is the Planck's constant, m is the electron
mass, and #(y) and v(y) are the Nordheim elliptic functions; to the first approximation
£(y)= 1.1 and w(y) = 0.95 — »*. Substituting these approximations in Eq. (2.4.2),
together with Eq. (2.4.1) for y and values for the fundamental constants, one obtains

Eq. (2.4.3) [131].

-6
E? 10.4 —6.44x107 ¢
J=142x10 ?exp( ¢mjexp( ¢ (2.4.3)

E
where J is in units of A cm™, E is in units of V cm™and ¢ in units of eV. Plotting log
(J/E®) vs. 1/E results in a straight line with the slope proportional to the work function

value, ¢, to the 3/2 power. Eq. (2.4.3) applies strictly to temperature equal to 0 K.
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However, it can be shown that the error involved in the use of the equation for

moderate temperatures (~300 K) is negligible.
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Fig. 2.10 Diagram of potential energy of electrons at the surface of metal. [129]
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2.4.2 Field Emission from Semiconductor

To a large degree, the theory for electron emission from semiconductors can be
derived parallel to the theory for metals. However, special effects are associated with
semiconductors due to the state of their surface and the fact that an external field
applied to a semiconductor may penetrate to a significant distance into the interior.
The classic theoretical treatment of electron emission from semiconductors is given in.
For the case when the external electric field penetrates into the interior of an n-type
semiconductor and the surface states are neglected, log(J/E”) is shown to be a linear
function of 1/E, as for metals. However, in place of the work function ¢ in the
Fowler-Nordheim equation one néeds to substitute a quantity y - o, where y is the
electron affinity defined as the ‘energy required:for removing an electron from the
bottom of the conduction band of the semiconductor to a rest position in the vacuum,
and o denotes the band bending below the Fermi level. These parameters are
illustrated in Fig. 2.11 [129].

The linear dependence of log (J/E?) on 1/E is expected only if the density of the
current flowing through the sample is much smaller than the current limiting density
Jim = enu,E/g, where w, is the electron mobility and n is the electron concentration in
the bulk of the semiconductor [132,133]. At J~J};,, the Fowler-Nordheim character of

the relationship J(E) passes into the Ohm's law (if the dependence of electron mobility
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on the electric field is neglected) which results in the appearance of the saturation

region in the emission current vs. voltage curve. Such saturation regions were

observed experimentally for lightly doped n-type semiconductors and for p-type

semiconductors [134,135].

Electron emission from semiconductors has been a subject of more recent

theoretical considerations, which takes into account complications due to electron

scattering, surface state density, temperature, and tip curvature [136,137].

Fig. 2.11 Diagram of potential energy of electrons at the surface of an n-type

semiconductor with field penetration into semiconductor interior. [129]

31



Chapter 3

Experimental method

3.1. Experimental Details

Starting substrates were mirror-polish, (100) oriented wafer, differently doped,
including p'-type (boron doping, resistivity ~ 2-5 mQ cm), p-type (boron doping,
resistivity ~ 10 ©Q cm), n-type (phosphor doping, resistivity ~ 10 Q cm), and n'-type
(phosphor doping, resistivity ~ 2-5 mQ2 c¢m) silicon substrates. After the pre-treatment
of substrates, they were put intg-a commercial plasma metal coater to deposit the
metal layer. Then, the metal-coated (Au; Pt, Al) Sivsubstrates were placed into the
atmospheric pressure chemical vapor.deposition (APCVD) system to prepare AIN
nanomaterials with various deposition parameters. Finally, several apparatuses were

used to analyze the characterization of these nanomaterials.

3.2. Atmospheric pressure chemical vapor deposition

Figure 3.1 schematically depicts the layout of the APCVD system [99,106,138].
The AINNTs were grown by vapor transport and condensation process using silicon
substrates covered with gold, platinum or aluminum that act as catalysts. An
aluminum oxide boat, carrying the metal coated silicon substrate and pure aluminum
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powders (SHOWA, Japan), was placed inside a quartz tube (1 inch in diameter). The

Al powders were kept up stream and the Au-coated Si substrate was placed upside

down (Au-coated side facing the Al powders) and downstream with respect to the

flow of the nitriding gas, in this case NHj;. The quartz tube was housed in a

conventional tube furnace. The quartz tube was degassed and then purged with

ammonia NH; (30 sccm) as the atomic nitrogen precursors. During the growth process,

the furnace was ramped up to 950, 1000, 1100, and 1200°C, respectively, and held at

that temperature for 30 mins with an ammonia flow rate of 30 sccm. After cooling

down, the products collected om the silicon. substrate were characterized by

high-resolution SEM analysis, -and the structure of the nanotips was studied using a

high resolution transmission electron microscope (HRTEM), XRD and Micro-Raman.
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3.3 Characterization of AIN nanomaterials

3.3.1. Scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) was used the secondary electron mode to

observe the morphology of AIN nanomaterials. The model of the SEM used here is

JEOL JSM6700F.

3.3.2. Transmission electron microscopy (TEM)

One of the typical characters of nano-phase materials is the small object size.

Although some structural features can be revealed by x-ray and neutron diffraction,

direct imaging of nanomaterials is‘only possible. using high resolution transmission

electron microscopy (HRTEM; Philips TECNAI 20). TEM is a unique technique

because it can produce a real space image on the atom distribution in the nanocrystal

surface. With a finely focused electron probe, the structural characteristic of a single

nanomaterial can be fully understood. Normally, the chemical analysis system, the

energy disperse X-ray spectrometer (EDX), was attached on TEM system.

3.3.3. Electron energy loss spectroscopy (EELS)

EELS is a nano-analytical technique that uses the characteristic spectrum of

energy losses of transmitted electrons to obtain information about elemental

composition, chemical bonding, and electronic structure [139,140]. An EELS

spectrum consists of a monotonically-decreasing background on which several broad
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peaks, each characteristic of a particular inelastic scattering process, are superimposed.

The spatial resolution is limited by the diameter of the incident illumination focused

on the sample. The energy loss spectrum displays the intensity distribution of the

imaging electrons as a function of the energy loss. It supplies qualitative and

quantitative information about the atomic and molecular structure of this specimen.

3.3.4. X-ray diffraction spectroscopy

X-ray diffraction analysis of the AIN nanomaterials specimens was carried out by

using a Rigaku D/max diffractometer using 6/20 mode. The X-ray was generated by a

Cu target (Cu Ka) operated at 40:kV-and 100 mA, and the scanning speed was 0.02

deg/step, 1deg/min from 20° to 75°. The silicon signal was used to calibrate the

diffraction patterns.

3.3.5. Micro-Raman spectroscopy

Raman spectroscopy is an excellent technique for characterization of the crystalline

quality either in films or nanostructures. The various products were qualitatively

analyzed by laser micro-Raman spectroscopy (Renishaw Raman Microscope, Model

2000). In the Raman experiment, an Nd-YAG laser excitation with the wavelength of

532.2 nm was used as an exciting light source. The laser light with the power of 500

mW was reflected by a half-mirror, and focused on to the sample with an objective

1

lens. The operational region can be conducted from 150~8000 cm™ with the
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resolution of 1~5 cm™.

3.3.6. Cathodoluminescence (CL)

Cathodoluminescence is the light emission associated with the excitation of

materials by an electron beam. The optics of a scanning electron microscope can be

utilized to produce a focused beam and to excite a small region of the sample. The

beam diameter in the SEM is of the order of a few nanometers. The excited volume

depends on the energy of the electron beam. Electron energies ranging from 0.1 keV

to 20 keV are commonly used in the SEM. The resulting probe volumes range from

tens of nanometers to a few microns in radius. The light emitted from such region is

captured by a parabolic mirror,-and a spectrum is obtained using a grating and a high

efficiency light detector. By changing the energy.of the electron beam it is possible to

perform a depth profile of the optical properties of the specimen. By scanning in the

form of a raster, it is possible to produce images of the light emitting intensities for

specific wavelengths. The resolution of the technique depends on the diffusion length

of the excited carriers. It can be as small as the electron probe in the case of very

small diffusion lengths. Temperature-dependent CL study was performed using a

Gatan MonoCL3 system with an accelerating voltage of 15 kV, current density of

electron beam of 20 mA attached to a JEOL JSM-6700F field emission scanning

electron microscope. The photomultiplier is biased at -1500 volt. The scanning rate
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was kept at 1 nm/ step with each step dwell for one second.

3.3.7. Photoluminescence (PL)

The photoluminescence and photoluminescence excitation properties of AIN

nanomaterials were measured by a Tau-3 lifetime system. The light source is a Xe

lamp with power of 450 W. The excitation area is ranging from 2.06 to 5.65 eV, and

emission area is ranging 1.46 to 4.13 eV with a high resolution of 0.4 meV. The tau-3

lifetime system has two mode of operation: one is steady-state mode, the other is

lifetime (kinetic) mode. The life-time range can be conducted from 10 pico-second to

10 micro-seconds.

3.3.8. Thermoluminescence (TL)

Thermoluminescence (TL) is the process in which a material emits light while it is

being heated [141-143]. The light emitted is due to the recombination of charges

trapped at metastable defect sites within the material lattice, and its amount is

proportional to energy absorbed by the mineral as a result of its previous exposure to

ionizing radiation. However, TL is totally different from the incandescence, which is

emitting light due to high temperature of the solid.

Normally, charges trapped in deep traps in a material's lattice will remain there

indefinitely if the material rests at the ambient temperature. However, heating a

material to such a specific temperature immediately evicts trapped electrons from the
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deep traps. They promptly undergo recombination, and in doing so emit photons in
the visible spectrum. The amount of light emitted is proportional to the material’s
intrinsic sensitivity to radiation and the total amount of radiation energy absorbed.
Comparisons made of the light emitted by a natural sample and the amount of light
emitted by a sample with a known added radiation dose, plus separate dosimetry
measurements, allow the sample's age since it was last exposed to a clock-resetting
event to be calculated.

First, samples were irradiated by UV light through an UV lamp with interference
filters. The UV irradiation locks theielectrons into. the defects. When the electrons are
induced to leave the lattice, there is an: emission of luminescent light. TL
measurement was made using a“Risomodel TL reader with linear planchet heating
and equipped with a built-in *°Y/*’Sr software-controlled beta source.

3.3.9. UV absorption

UV absorption was done in Model U-3010 (Hitachi, Japan) spectrophotometer
covers the UV/Visible range from 190-900 nm by employing both a tungsten-iodide
(WI) lamp for the visible region and a deuterium (D2) lamp for the ultraviolet region.
3.3.10. Measurement of field emission characterization

The turn-on field for 10 pA/cm® has been used as the merit parameters to

distinguish various emitter materials [144-146]. Field emission properties were
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measured by using diode-type structure. An anode plate (ITO Glass) was placed at 70
«m above the AIN nanomaterials emitters, which served as the cathode electrode.
The field emission (FE) measurement was carried out in a vacuum chamber at a
pressure of ~107 torr at room temperature. The applied voltage was biased from 0 to
1100 V and current which was collected from the emitters was recorded by using a

Keithley 237 system.
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Chapter 4

Growth of AIN nanotips by means of APCVD

In this chapter, preparations of AIN nanotips (AINNTS) on the Si (100) substrates

by APCVD method will be presented. The effects of the thickness of catalyst, type of

catalysts, and preparation time on the formation of single-crystalline AIN in the CVD

experiments are studied. The surface morphology, structure, and composition

properties of the as-deposited samples are characterized in detail. The overall

structural and morphological results‘are discussed in section 4.2 via FESEM Raman

scattering and XRD measurements; respectively. The growth mechanism of AINNTSs

formation was described in section 4.3. Finally, section 4.4 will make a summary

according to the obtained results.

4.1. AIN nanotips growth

AIN nanowires, whiskers and nanotubes have been obtained by chloride assisted

growth [115,116], arc process [117], carbothermal reduction [118,119], and

gas-reduction-nitridation [120]. However, very recently, there has been an increased

activity in this field with quite a few reports on nanowires, nanotubes and nanobelts

decorating the 1D AIN domain. Vapour-liquid-solid (VLS) growth of hexagonal AIN
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nanowires and nanotubes with [001] growth direction have been reported at

temperatures above 1100°C [121,122]. Hexagonal AIN nanobelts with rectangular

cross-section and having [001] growth direction also made their appearance [123].

Vapor-solid (VS) growth is a vapor species directly transformed into solid nanowire

process [124]. The VS process does not need catalyst to assist the nanowire growth.

Therefore, it does not undergo a liquid-alloy stage. A cubic AIN nanotube with a

boron nitride (BN) wrapping (AIN-BN composite nanotube) has been made possible

at a temperature of 1200°C using a two stage growth mechanism [125]. However, AIN

nanotips with high aspect ratio, unlike the pyramids [126], also form a special class in

the 1D family, have not been reported before.

Nanotips in Si-based and other more conventiehal semiconductor systems have

been demonstrated and explored for various potential applications as field-emitters

[146-148], solar cells [149], bio/chemical sensing devices [150-152], and optical

nanodevices [36,153]. Until now, optical lithography has been playing the major role

in fabricating sharp tips but limited to 50 nm in radius [154-156]. A novel

electron-cyclotron-resonance plasma assisted dry-etching technique has recently been

developed for producing ultra-fine tips (~ 1 nm) in a wide range of material systems,

excluding AIN [157]. These tips (Si, poly-Si, GaN, GaP, Al) can have apex diameters

from 2-20 nm, and growth directions depending upon the orientation of the starting
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wafers. The approaches captioned above can be classified as top-down techniques and

are most suitable for plate or wafer process. In this study, we report on the first

synthesis of single-crystalline AINNTs with a monodispersed angle distribution via

simple vapor transport and condensation process (VTCP), in both catalytic and

catalyst-free modes, at 950 °C, which is significantly lower than that of the

conventional carbothermal reduction and nitridation process for AIN. Metal (Au, Pt,

Al) coated silicon (Si) substrates have been used to produce the AINNTS, where the

metal nanoparticulates formed at the high temperature acted as the nucleation sites for

the AINNTS growth.

4.2 Results and discussion

The as-grown AINNTSs on silicon substrates coated with an Au layer of various

thicknesses were shown in Fig. 4.1a-c. AINNTs grown on a 7 nm Au covered Si

substrate exhibited a mean diameter of 10 nm at the apex, 80 nm at the base, and 250

nm in length (Fig. 4.1a). AINNTs grown with progressively thicker Au layers

produced longer nanotips (300-3000 nm) with wider apex (20-100 nm) and base

(100-700 nm) diameters (Fig. 4.1b-c). Typical cross-sectional SEM image of AINNTSs

is shown in Fig. 4.1d. This image displays a high density of quasi-aligned AINNTSs

uniformly distributed over the entire substrate. The tip like morphology suggests that
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the growth rate of the AINNTSs along the axial direction far outpace the growth rate

along the radial direction. Along with the AINNTSs containing pure Al nanocrystals at

its base some unreacted metallic Al residue could be found. The beauty of this VTCP

technique lies in the size control of the nanotips which can be simply achieved by

adjusting the thickness of the gold layer keeping the other growth parameters such as

temperature and gas flow rates fixed. However, a number of other metals, such as

aluminum (Al) (Fig. 4.2a) or platinum (Pt) (Fig. 4.2b), can be used to produce the

AINNTSs since the eutectic temperatures of these metals with silicon lie below the

reaction temperature of 950 °C. Furthermore, AINNTSs can be grown on even bare Si

(without metal coating) (Fig.-4.2c) but they exhibit relatively poor morphology,

indicating that metal coating is not indispensable for the growth, but it does help in

controlling the morphology of the AINNTs and perhaps some increase in the yield.

But to come to any such conclusion, a closer look at the initial stages of growth was

deemed necessary. SEM images in Fig. 4.3a-c demonstrate the initial growth of

AINNTs. The Al nanocrystals form within the first 20 minutes of growth and can be

easily seen at the base of the AINNTSs (Fig. 4.3a). Figure 4.3b and 3c represent the

morphology during the first 20 and 25 minute of growth, respectively, with typical

nanotip formation completed in 25-30 minutes. The corresponding energy dispersive

X-ray spectroscopy (EDS) elemental analysis of the nanotip body and nanoparticles
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lying at the base of the nanotip is shown in Fig. 4.3d. It is quite clear that the nanotip

body showed a much pronounced nitrogen component whereas no Au signal could be

obtained from the apex of such tips marked (A) in Fig. 4.3c which excludes the

possibility of VLS growth mechanism. The crystallites lying at the base of the

nanotips, marked (B) in Fig. 4.3c, from which the nanotips evolved, yielded signals

predominantly from Al, Au, and Si with no or little nitrogen component (Fig. 4.3d).

The carbon and copper signals in Fig. 4.3d come from the amorphous carbon coated

copper grids used for the TEM measurements. Two interesting inferences can be

drawn from Fig. 4.3d. First, the nanocrystal at.the base is predominantly Al, and

second, the Al at the tip is compounded with nitrogen. Both of these facts will be

corroborated from the XRD results to+be discussed:later. However, the establishment

of the AIN phase in the nanotips comes conclusively from the TEM and XRD results.

Presence of Au along with Al in the nucleating crystallites only, indicates that either

pure gold or a gold silicide phase may be controlling the nucleation and the smooth

and finer morphology of the AINNTS. In fact, the thickness of the Au layer is the key

to the resultant morphology of the AINNTSs (Fig. 4.1). Au redundancy during growth

resulted in larger and corrugated edge morphology of the AINNTs (Fig. 4.2c). The

fact that AINNTs can be grown on bare silicon (Fig. 4.2c) as well as on silicon

covered with Al (Fig. 4.2a) indicates that a self catalytic role of pure aluminum
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nanocrystals, cannot be ruled out. Al vapors condense as crystalline Al on the catalytic
gold or the gold-silicide sites, and we believe that these crystallized Al nanoparticles
present at the bases of the AINNTSs served as the nucleation sites for subsequent

AINNTSs growth following deposition of reacted Al and N vapors.
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FIG. 4.1 Typical SEM images of th . -' grown with (@) 7 nm, (b) 15 nm,
and (c) 50 nm thick Au layer on Si. (d) Typical cross section SEM image of AIN

nanotips grown with 15 nm Au coated Si substrate.
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FIG.. 4.2 SEM images of AIN nanotips grown with (a) Al (15 nm), (b) Pt (15 nm), (c)

no metal coating, on the Si substrate, respectively.
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In order to investigate the structure evolution of the AINNTs, XRD analyses
were performed at various stages of growth. As shown in Fig. 4.4a, the XRD data for
the initial stage shows the presence of Al only whereas the corresponding data for the
later stage shows a number of relatively sharp diffraction peaks that can be indexed to
a hexagonal structure with lattice constant of a = 0.311 nm and ¢ = 0.498 nm, which is
consistent with the standard value for bulk hexagonal AIN (JCPDS 25-1133). While
there are negligible signals from Au, the Al signals remain detectable in the XRD
spectra, presumably due to the un-reacted aluminum crystallizing on the Au particles
at the base of the AINNTs during the initial shigh temperature processing of the
reactants. It should be noted that all'samples-showed similar XRD patterns, indicating
that the nanotips have good structural reproducibility in all deposition conditions used.
This kind of reproducibility is a pre-requisite for any synthetic technique to be
accepted as a major force.

Raman spectra of the AINNTSs were obtained at room temperature as shown in
Fig. 4.4b, to further the knowledge of its structure. In this spectrum, distinct
first-order modes of the peaks corresponding to A; (TO), E, (high), E; (TO) and
A1(LO) modes at around 609.4, 653, 668 and 894 cm™, respectively, were observed.
These Raman peaks are signatures for wurtize AIN as reported previously for bulk,

thin film, nanowires, and nanobelt structures [126,127,158-159]. However, these peak
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positions were given alternative assignments in an earlier work [160]. These Raman
peaks were not detected from the samples containing predominantly nanocrystals
(such as those grown for 15 min or less as shown in Fig. 4.3a), suggesting that AIN

signal is indeed originating from the well crystallized tips.
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FIG. 4.4 (a) Typical XRD spectra taken at three different stages of growth. The initial
stage shows only Al signals and the corresponding one with fully grown nanotips
shows two crystalline phases of Al and hexagonal AIN. (b) Raman spectrum, with a
discontinuous abscissa, of the AIN nanotips on silicon substrate. Inset shows a
continuous Raman spectrum of the AIN nanotips with the silicon signal included. All

the XRD and Raman spectra were measured from samples prepared on 15 nm Au

coated Si substrate.
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High resolution TEM along with the selected-area electron diffraction (SAED)
was employed to further analyze the structure and crystallographic orientations of
these AINNTSs. All nanotips appear to be homogeneous without any grain boundaries,
indicating the single crystal nature of each individual AINNT. As shown in Fig. 4.5b,
the HRTEM image of the apex reveals a lattice spacing of 0.497 and 0.269 nm (in
parallel and normal to the axial direction) that is in good agreement with the dgo; and
di-10 spacing of h-AIN, respectively. Corroborating with the SAED pattern, the
direction of the AINNTs was found to be [001] along the long axis (inset, Fig. 4.5b).
AIN whiskers growing along {10i0} and {iZiO} close packed planes have already
been reported [161], and [001] growth direction of some 1 dimensional nanostructures
was also observed [159,162]. HR-TEM examination and SAED performed over
several nanotips made from different thickness of gold films and also at different
locations on each nanotips yielded similar diffraction patterns. Elemental analysis on
a single AINNT body (Fig. 4.5¢) done by electron energy loss spectroscopy (EELS)
measurements clearly established a stoichiometric AIN composition with Al (Fig. 4.5d)

and N (Fig. 4.5e) mapped with similar rate of occurrence.
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FIG. 4.5 (a) TEM image of an AIN nanf)tip-;" (b) High resolution TEM image of a

| J

single AIN nanotip with clear Iz;i'tt‘ice‘”“irﬁagési.-';The inset shows a SAED pattern of the
nanotip indicating the single-crystalline nature with [110] zone axis and the growth
direction along [001]. (c) TEM of a single AIN nanotip with corresponding (d) Al, and

(e) N mapping using EELS.
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4.3 Growth mechanism of AINNTs

Based on the above results, a complete growth mechanism of AINNTs can be

proposed whose schematic description is given in Fig. 4.6. As the reaction

temperature was ramped up from room temperature to 950°C, droplets of catalyst

metals (Au, Pt) or their respective silicide phases will be formed in the vicinity of the

respective eutectic temperatures. In the case of uncoated Si, the self catalytic Al or Al

alloy droplets, possibly Al-Si, is believed to be the nucleation site. Al vapors,

generated above 660°C, dissolve in these droplets supersaturating them, finally

resulting in the expulsion of elemental Al as nanocrystals. Fully reacted vapors of Al

and N deposits as stoichiometric AIN on the-Al base; where a rapid growth along the

axial direction [001] and an inhibited“growth along an orthogonal (radial) direction

was observed giving rise to the tip shape. Physically speaking, progressively

decreasing surface diffusion lengths (increasing sticking coefficients) of oncoming

AIN radicals onto the growth surface along the axial direction will result in a reducing

cross section of the growing nanostructure promoting the tip shape. This argument

gets support from our observation that an increased growth temperature, hence

increased diffusion lengths, resulted in AIN nanorods instead of nanotips, which will

be reported separately. The diffusion length of the radicals is a strong function of

growth temperature and is believed to be key parameter in controlling the morphology

54



of the 1D nanomaterial. The growth inhibition along the radial direction is possible

via passivation of the dangling bonds on that surface by, possibly, oxygen.

FIG. 4.6 Schematic diagram of growth’mechanism of AIN nanotips. (a) Au layer was

coated on the Si substrate. (b) Gold or Gold-silicide nanoparticles shape up as the

nucleation sites for the subsequent aluminum deposition. (c) Aluminum and nitrogen

are absorbed on the nucleation sites bringing about the initial growth of AIN nanotips.

(d) AIN nanotips elongate with time when reaction temperature is kept at 950 °C.
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As it was mentioned in a review by Felice et al.[161], the aluminum side of AIN
can bond to the silicon side of SiC (001) whereas the nitrogen face prefers the carbon
side. In our case, the basal (001) plane is the Al-terminated surface having the higher
growth rate. From the evidence of etching of AIN single crystal [163], it was found
that the angle between the basal plane and tilted plane of the AIN pyramid was about
61.6°, which is close to the angle between (001) and (lil) planes in AIN. The (1i1)
planes are energetically stable because of a smaller number of bonds cutting through
these planes. The energetically stable surface was exposed after the completion of
etching. In the case of epitaxial AIN‘thin film en SiC substrate, there exist a stable
plane (namely (1i2)) with 43" angle with respect tothe basal plane [164]. However,
in our case, the angle between basal “plane and tilted plane of the nanotip is much
higher at roughly 81° corresponding to the angle between basal plane (001) and (221).
It is thus suggested that these AIN nanotips are bound by (221) planes, which are
“nongrowth” surfaces, having fewer dangling bonds and hence non-reactive, and the
(001) basal plane provides the growth surface. Fig. 4.7a shows the atomic
arrangements in an AIN crystal with the “nongrowth” planes (221) observed in the
present work as well as (1i1) [163] and (1i2) [164] (Fig. 4.7b and 4.7c) reported
previously. The similar dangling bond environments in each of these cases will

rationalize the existence of the stable higher index plane observed in this case of AIN
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nanotips. A similar basis for facet formation in GaAs ridge morphology has recently
been reported [165]. The (221) planes can be H or N terminated depending on the
bond enthalpies of Al-H and Al-N, where the former is smaller. The rapid etching rate
on the N- terminated surface may lead to dangling bond passivation by H, which is
decomposed from the ammonia gas at 950 ‘C. However at such high reaction
temperatures, the stability of Al-H may be a question. In general, a high growth rate
along the (001) basal plane with the stable (221) tilted surface generates the shape of

the AINNTs. Clearly the nanotips, with higher aspect ratios and high index tilted

planes, are different morphologicals e pyramids or the ridges observed

earlier.

FIG. 4.7 Atomic arrangement in AIN crystal showing the stable “nongrowth” surfaces

of (a) (221), (b) (1i1), and (c) (1i2) making angles of 81°, 61° and 43°, respectively,
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with the basal plane. The c-axis shown in the figure is [001] direction.

4.4. Summary

Aluminum nitride nanotips growth on metal (gold, aluminum and platinum) coated

or even uncoated silicon substrates via vapor transport and condensation process has

been demonstrated. A pure metal or metal silicide phase acts as the nucleation site for

the precipitation of crystalline aluminum seed for the aluminum nitride nanotip

growth. In case of aluminum nitride nanotip growth on bare silicon, a self catalytic

activity of aluminum itself or its.silicide phase.was visualized. The resultant AIN

nanotips exhibit a monodispersed ‘apex angle distribution. Structural properties of the

nanotips studied by TEM and XRD ‘suggest that these tips have hexagonal crystal

symmetry with a preferred growth direction of (002) along the long axis and a stable

(221) plane as the tilted surface.
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Chapter 5

Structural Evolution of AIN Nano-structure: Nanotips and Nanorods

In this chapter, Nanostructures produced on the silicon substrates at different

temperatures set-points, controlled between 950 and 1200 °C, were studied. An

observation in the crystal morphology change from tip-like structure to rod-like

crystallites is reported. The surface morphology, structure, and composition properties

of the as-deposited samples are characterized in detail. The overall structural and

morphological results are discussediin section 5.2.via FESEM, Raman scattering, and

XRD measurements, respectively.| The platelet growth model, which is governed by

the n;/n, ratio are discussed in section”5.3. Finally,-section 5.4 will make a summary

according to the obtained results.

5.1. Nanotips and Nanorods

A series of experiments were carried out to study the effect of growth temperature

(T4) variation on the shape evolution of the AIN products. Figure 5.1a-d shows SEM

images of AIN nano-products grown for 30 min on the Au coated Si substrates at

different Ty of 950, 1000, 1100, and 1200°C, respectively. At Tq = 950°C, the

AINNTs evolved (Fig. 5.1a). As Tq4 increased, a (001) facet (c-facet) appeared on the
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top of the nanotips, forming a flat section at the top instead of the tip shape. The area
of this (001) facet increased with increasing T4 as shown in Fig. 5.1b - d. As shown
clearly in Fig. 1d, T4 = 1200°C produced AIN nanorod (AINNR) which has a simple
six-sided faceted structure. The cross-section of AINNTs and AINNRs were both

hexagonal.

= 100 nm

FIG. 5.1 Typical SEM images of the AIN nanotips on silicon substrates (coated with

15 nm of gold) grown under (a) 950, (b) 1000, (c) 1100, and (d) 1200 °C,

respectively.
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The cross-sectional SEM images of AINNTs and AINNRs shown in Fig. 5.2a and
2b, respectively, indicates their relative dimensions. The inset of Fig. 5.2a and 2b
depict the early stages of growth of AINNTs and AINNRs, respectively. It indicates
that the shapes of the AIN nanostructures were probably decided at the very early
stages of the growth. Fig. 5.2¢ represents the X-ray diffraction analysis of the AIN
nanostructures. It shows the strongest reflection of the (002) plane compared to (101)
of the h-AIN, indicating a preferential growth perpendicular to the basal plane along
[001]. The Raman spectra of the AINNTs and AINNRs, as shown in Fig. 5.2d, were
collected using Ar' laser as the excitation source. Three clear Raman-active phonon

modes can be observed. These are in agreement with those of the h-AIN crystal [126].
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FIG. 5.2 Typical cross section SEM 1mageo_fAanahot1ps grown coated with 15 nm
Au coated Si substrate under (a).§.5lO,'_(b) 1%(_)0':°6; respectively. Inset in (a) and (b)
show the SEM image of AIN nano-product grown for 25 minutes, respectively. (c)
Typical XRD and (d) Raman spectra taken from the AIN nanostructures in Figure 2(a)
and 2(b), respectively. The two vertical dashed lines in Figure 2(c) represent bulk AIN

positions for (100) and (002) reflections (JCPDS 25-1133).
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5.2 Structural revolution of AIN nanostructures

The shape evolution of the AIN nanostructures as a function of Ty is interesting as

the result (Fig. 5.1) shows. The digestion of the results presented in this paper as well

as our earlier work on AINNTSs [166,167] yields certain facts as listed below:

Observation I: AIN nanostructures have pure Al signatures from the seed crystal

present at its base [166];

Observation 2: The body of the nanostructure is purely hexagonal AIN growing along

[001] and no metallic Al phase is present [166,167];

Observation 3: A high aspect ratio (>10)-nanotip structure, having apex angles of

~14°, produced at T4 = 950 °C modifies into a low-aspect ratio (~5) flat top ((001)

facet) AINNRs at Tq = 1200 °C."Any. proposed.growth model should explain these

listed facts of which the last one is of most importance.

We begin with a discussion on a diffusion mediated growth mechanism which is the

most obvious as we are dealing with a temperature activated process. The growth of

AIN nanostructures proceeds by the transport of Al vapors to the growth region as the

temperature inside the quartz tube is ramped up. Note, although a thin Au layer,

intended to be a catalyst, was used on the Si substrate, it was not detected at the tip of

the nanostructures or in its body. Again the AINNTSs could be obtained even without

any Au catalyst on the substrate. This allowed us to exclude a VLS mechanism and
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pursue the vapor-solid (VS) route instead. We introduce a diffusion mediated growth
mechanism here. Al vapors landing on the growth surface will migrate with a large
diffusion length, L, and can be adsorbed and deposited on the substrate as Al itself
when T4 is low (but above 660°C, the melting point of Al powders). This results in
the basal Al islands since T4 is not sufficient to dissociate the nitriding gas NH3. This
explains observation 1. The Al vapors may then encounter and react with NHj or its
dissociation products when T4 is higher (dissociation temperature for NHj is)
producing AIN following eqn. 1:
2A1+2NH, =2A4IN +3H, (1). AG=-9.7 kJ/mol at 950 °C
AG = -14.6 kJ/mol at 1200 °C
Then AIN will migrate in molecular form with a diffusion length, L4;y. Consequently,
an effective diffusion length L. 1s defined as
Ley= L+ Law ()

where L4; and L4y are temperature activated according to the following [168]

E
La~ 1, exp(—ﬁ} (3)

E
Ly~ rAIN“exp(—ﬁj (4)

t and E are the diffusion times and activation energies for surface diffusion,

respectively, and k3 is the Boltzmann constant. The AIN molecule can be deposited at
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a low energy site and contribute to the growth or can be desorbed also. This happens
in a condition close to ty;~ tgy, and Ly~ Lyy. Thus, to permit the growth of AIN
from a predominantly metallic Al seed, Ly = L. Above the dissociation temperature
of NHj the thermodynamics of the system (negative Gibb’s free energy for eqn. 1)
promotes the formation of AIN. This explains observation 2.

To address observation 3 we discuss the anisotropy as well as strains that might be
present during the growth. We are now studying the growth of AIN on Al seed crystal.
The initial islands may have edges beveled at an angle 0, with respect to the substrate,
determined by the surface energeties [169]. Letrus discuss first the diameters of the
AIN nanostructures grown at different T4. Figure 5.3 shows a schematic drawing of
the cross-section and top view ofithe hexagonal close packed (hcp) wurtzite structure
of AIN crystal with the Al- terminated (001) face and the N- terminated (OOi) face.
From our TEM and XRD results we have already established that we have a [001]
growth direction for all kinds of nanostructures grown at different T4. Number of
dangling bonds available per oncoming growth precursors, say Al, on the Al (001)
and N (OOi) face are 3 and 1, respectively (Fig. 5.3a). The lateral facets have two
kinds of surfaces, namely A and B, which have 2 and 1 dangling bonds, respectively,
per oncoming Al atom. Hence on the average each Al atom has 1.5 dangling bonds

available for bonding to a N atom on the lateral faces. Evidently, based on the
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availability of dangling bonds, diffusion lengths on the lateral faces of the hexagonal
islands will be less than that on the N-terminated (OOi) face [170]. This will lead to a
anisotropy in the growth rate resulting in large platelets/islands of AIN following eqn.
(1). Since the diffusion length is temperature activated, a larger T4 will produce larger
but thin platelets. This exactly explains why the AINNTs produced at 950 °C (Fig.
5.1a) had smaller base diameters than the AINNRs (Fig. 5.1d) prepared at 1200 °C.
However, this also means that the AINNRs are closer to equilibrium than the AINNTSs
which is understandable because of a larger diffusion length of the AIN precursors at
higher Tq4. Following the model proposed by Tersoff and Tromp [169], the island size

(ay) 1s related to the surface energy (/) and a-stress factor (c) by the following:

F

a, = efhea %)
where / is the height of the initial island and & = e cot@. This model predicts that
if ch>>1", then the island sizes ay will be smaller. So the AINNTSs having a smaller
base diameter are the stressed ones. However the model presumed a slant edge (6 #
90°) island and cannot directly predict a perfect (€= 90°) wide base rod-like crystal,
since then § = 0 and ay—0. There are indications that such perfect (€= 90°) islands

[171] can be the seeds for nanorod growth via the VS mechanism.
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FIG. 5.3 (a) The cross-sectional view of hexagonally close packed wurtzite crystal

structure of AIN. (b) The plan-view of a bilayer of hcp AIN. There are two types of

lateral growth directions marked as A and B.
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Now consider the vertical growth of the AIN nanostructures along the [001]
direction which is an Al-terminated face (Fig. 5.3a). For T4 > 950 °C, the dissociation
rate of NH3 was very fast and the Al vapor pressure was high, suggesting t,;— 0 and
0 «— Ly << La; so Loy = Lyn. When Al atoms arrive at the growth face, every Al
atom has three bonds connecting with three N atoms. That means, E ;v (001) >> E 4y
(001) and also Euy (001) > Ex(010) , resulting in growth rates R[001] > R[010] >
R[OOi]. A higher growth rate along the Al-terminated [001] direction is observed than
that along the normal to the lateral faces. When this condition is satisfied, we expect
an aspect ratio >1.

The beauty of crystal growth-is depicted inFigure 5.4. The AINNT produced at 950
°C (Fig. 5.4a) clearly shows a stacking of different sized platelets along the growth
direction generating the tip shape. The platelets/islands behaves similar to a building
block and a repetitive stacking of these, layer by layer, gives rise to the nanostructures.
A similar stacking of double bilayer steps has been observed along the sidewalls of
InN pyramids also [171]. However the existence of these distinct platelets started to
disappear from T4 = 1000 °C (Fig. 5.4b) signifying deposition along the lateral facets
of the platelets. A significant portion of this deposition may be due to adatom hopping
down a step. Fig. 5.4a — d demonstrates the growth along the radial direction of the

nanostructures due to adatom hopping as a result of a reducing Ehrlich- Schwoebel
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barrier, and increased diffusion lengths as Ty is increased. When T4 = 1100 °C, the top

(001) facet clearly appears and the lateral face growth becomes more pronounced

giving it a smoother appearance than that observed during 1000 °C. However the

conical nature of the structure is still maintained. As T4 creeps up to 1200 °C, the

diffusion length was sufficient to push the system towards equilibrium resulting in

larger hexagonal platelets and growth along the lateral facets generating the pillar like

structure of the AINNRs with a near perfect uniformity in diameter. Note that the

existence of the Ehrlich- Schwoebel barrier at low T4 will also give rise to a large

driving force along the [001] growth direction [172,173]. In addition, the stress along

the basal plane of the platelets; as indicated from the smaller base diameters of the

AINNTs, is also known to drive the growth along a- direction perpendicular to it. This

explains why the AINNTSs have a higher aspect ratio than the AINNRs.
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FIG. 5.4 (a-d) High resolution SEM images of the AIN nanostructures produced at

different growth temperatures; (¢) HRTEM image of the edge of AINNTSs showing the

step edges, including the step height (%) and step spacing (1); a schematic aiding in

the estimation of the semi apex angle (¢/2) is also shown; (f) HRTEM image of the

edge of AINNRs showing uniform diameter without tapering via step edges.
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Lastly, the origin of the tip shape has to be addressed for the growth at 950 °C.
Since the growth units were clearly identified as islands/platelets stacked on each
other, it is only obvious that a certain arrangement of these produced the tip shape.
Careful TEM observations proved what we conjectured in our earlier work [166].
This is a pyramidal growth of 3D islands growing on top of each other (Fig. 5.4e). A
rapid 2D nucleation, which may be due to precursor supersaturation, can lead to these
3D islands/platelets. The tilted surface of the AINNTs consist of a train of parallel
steps of polyatomic step heights (%), with a small step spacing (1) (Figure 5.4e) and a
high step density (p = & / A ) [10]:Clearly, h=n, xd,, and A=n,xd. , where
dy, and d are the lattice spacings along and perpendicular to the growth direction,
respectively, as determined from.TEM"studies [174] and nl, n, are integer. The apex
angle (¢) of the AINNTS, as determined microscopically, is dictated by the large 4/
ratio and hence small magnitudes of the ratio, though present, are neglected.
Calculating A/A from the TEM micrograph shown in Fig. 5.4e we can roughly
estimate a set of ¢ values for our AINNTs which falls within 8-22° in agreement with
that measured from the SEM images. Note that the apex angles mentioned here are
2D projections of the solid angle at the apex. For a particular material system the

lattice spacings are constant and hence h/A is a function of n,/n,. Hence following this

model, a set of apex angles for solid nanotips or pyramids of any material system (for
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example, GaN, InN, AIN) can be predicted based only on the n,/n; ratio. The AINNRs
does not exhibit these step structures (Fig. 5.4f). The growth model proposed in ref. 8
is inadequate in a sense that reducing precursor concentration is a general reaction
feature and if the model is true should necessarily produce nanotips, which is not the
case. However their observation is very similar to us since they can generate the
nanotips and nanorods as a function of growth temperature alone and that has been
attributed to diffusion mediated process. Our results indicate rather a stress related
phenomenon for the step spacing (A) and a high Ehrlich-Schwoebel barrier to preserve
the steps that build up the AINNTsaThe positions for the (002) and (100) reflections
from the nanostructures are shifted towards lower and higher 26 values, respectively,
from their bulk counterparts as marked in Fig. 5:2¢. Note that the [liO] and [100]
have identical 20 positions in the XRD and that [liO] is the radial direction of the
nanostructures shown in the TEM images in Fig. 5.4e and f. The tensile and
compressive stress along the axial and radial direction, respectively, of the AINNTSs
and AINNRs is clearly visible from the XRD spectra (Fig. 5.2c). The AINNRs
produced at 1200 °C manages to counter the stress deformation while AINNTSs

produced at a lower temperature yields to it by getting tapered as growth progresses.
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5.3 Magic ratio
Following the report in chapter 5.2, we deliver a model of platelet growth of AIN
nanostructures which will lead to a train of parallel steps of polyatomic step heights

(h), with a small step spacing (A). It is obvious that the step height and spacing should

be the integer multiple of lattice spacing of d,, and d - , respectively, are known if

10’
the growth direction was fixed at [001]. The angle (&.) between the existing facet and
basal plane can be compute by the following expression.

n X dy,

tan 6, _h_
A nyxds

where d,, and d; for AIN are:0.497 and 0:269 nm, respectively. Therefore the

angle (6.) can be realized by-varying the 7nj/n;ratio. As shown in Table 5.1, we
illustrate a series of n;/n;ratio, @(calculated from+n,/n;ratio), 6, (the angle between
the cleaved facet and the basal plane in the crystallography point of view, CaRIne v
3.1), existing facet (adapted from CaRlIne v 3.1), apex angle and reported literatures.
The digestion of the results presented in table 5.1 as well as listed references on
AIN provide certain information as lined up below: First, the apex angle (@) will be
determined by the a simple n,/n; ratio (or 4/4); second, 6. are highly match with 4,
especially for the n;/n, ratio equal to 0.5 [164], 1 [175], and 3.5 [166], respectively
which were well documented; third, the apex angle will not be a any number, it is

confined by the n;/n, ratio, showing a discrete distribution; fourth, the apex angle
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seems to be predictable following the table.

Surprisingly, this model can applied for group-III nitride nanostructures with long

axis at [001] direction as shown in table 5.2, 5.3, and 5.4. The identical calculation

was made for the GaN, InN and BN, respectively. Here we propose a regulation

which can be applied to predict and describe the tip formation and apex angle

variation of group-III nitride nanostructures. However, the reason for the apex angle

variation is not clear for the moment.
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Table 5.1 ni/n, ratio of AIN

AIN:  Growth direction: [001]

n xdy,

tang, = = % (1.847), where d,, = 0.49Tnm;d - = 0.269nm
nyxd. —n, 1o
Nny/ Ny 0. 0, facet ¢ Reference
0.1 104 X
0.2 20.2 X
0.25 24.7 X
0.33 31.3 X
0.5 42.7 42.7 (1-12) 94.6 [164]
0.75 54.1 X
1 61.5 61.5 (1-11) 57.0 [163]
1.25 66.5 X
15 70.1 70.1 (3-32) 39.8
1.75 72.8 72.7 (111) 34.4
2 74.8 74.8 (2-21) 30.4
2.5 77.7 78.2 (332) 23.6
3 79.7 79.7 (3-31) 20.6
3.5 81.1 81.1 (221) 17.8 [166]
4 82.2 82.2 (4-41) 15.6
4.5 83.1 83.2 (411) 13.6
5 83.8 X
5.5 84.3 84.1 (241) 11.8
6 84.8 84.9 (431) 10.2
6.5 85.2 X
7 85.5 85.5 (441) 9.0

Ref.: Pearson’s Handbook of Crystallographic Data, p213.
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Table 5.2 n;/n, ratio of GaN

GaN:  Growth direction: [001]

n, xdg,

tan @, = = (1.876), where dy, =0.51Tnmyd - =0.275mm
nyxd. —n, 1o
ny/ ny 0. 0, facet 7, Reference
0.1 10.6 X
0.2 20.5 X
0.25 25.1 X
0.33 31.7 X
0.5 43.1 43.1 (1-12) 93.8
0.75 54.6 X
1 61.9 61.9 (1-11) 56.2 [176]
1.25 66.9 X
15 70.4 70.4 (3-32) 39.2
1.75 73.0 72.9 (111) 34.0
2 75.0 75.0 (2-21) 30.0
2.5 77.9 78.4 (332) 23.2
3 79.9 79.9 (3-31) 20.2
3.5 81.3 81.3 221) 17.4
4 82.4 82.4 (4-41) 15.2
4.5 83.2 83.3 (411) 13.4
5 83.9 X
5.5 84.4 84.2 (241) 11.6
6 84.9 84.9 (431) 10.2
6.5 85.3 X
7 85.6 85.6 (441) 8.8

Ref.: Pearson’s Handbook of Crystallographic Data, p3492.
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Table 5.3 n;/n, ratio of InN

INN:  Growth direction: [001]

n, xdg,

tan g, = = (1.864), where d,, = 0.570nm;d - = 0.306nm
nyxd. —n, 1o
ny/ ny 0. 0, facet 7, Reference
0.1 10.5 X
0.2 20.4 X
0.25 24.9 X
0.33 315 X
0.5 42.9 42.9 (1-12) 94.2
0.75 54.4 X
1 61.7 61.7 (1-11) 56.6
1.25 66.7 46.6
15 70.3 70.3 (3-32) 39.4
1.75 72.9 72.8 (111) 34.2
2 74.9 74.9 (2-21) 30.2
2.5 77.8 77.8 (332) 24.4
3 79.8 79.8 (3-31) 20.4
3.5 81.2 81.2 221) 17.6
4 82.3 82.3 (4-41) 15.4
4.5 83.1 83.3 (411) 13.8
5 83.8 X
5.5 84.4 84.2 (241) 10.6
6 84.9 84.9 (431) 10.2 [104]
6.5 85.2 X
7 85.6 85.5 (441) 8.8
7.5 85.9 X
8 86.0 86.0 (541) 8.0

Ref.: Pearson’s Handbook of Crystallographic Data, p4017.
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Table 5.4 n;/n, ratio of BN

BN:  Growth direction: [001]

n, xd,

tan g, = = (1.847), where d, = 0.49Tnm;d - =0.269nm
nyxd. —n, 1o
ny/ ny 0. 0, facet 7, Reference
0.1 10.8 X
0.2 20.9 X
0.25 25.5 X
0.33 32.2 X
0.5 43.7 43.7 (1-12) 92.6
0.75 55.1 X
1 62.3 62.3 (1-11) 55.4
1.25 67.2 X
15 70.7 70.7 (3-32) 38.6
1.75 72.9 73.2 (111) 34.2
2 75.3 75.3 (2-21) 29.4
2.5 78.1 78.6 (332) 23.8
3 80.1 80.1 (3-31) 19.8
3.5 81.5 81.5 (221) 17.0
4 82.5 82.5 (4-41) 15.0
4.5 83.3 83.4 (411) 13.4
5 84.0 X
5.5 84.5 84.3 (241) 11.0
6 85.0 85.0 (431) 10.0
6.5 85.4 X
7 85.7 85.7 (441) 8.6

Ref.: Pearson’s Handbook of Crystallographic Data, p1572.
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5.4 Summary

To summarize, the growth of high purity and dense hexagonal aluminum nitride

nanotips and nanorods on gold coated silicon substrates via a thermal chemical vapor

deposition system has been demonstrated. A single growth parameter, namely the

growth temperature, is able to dictate the formation of nanotips or nanorods in this

vapor transport and condensation process. Optimal growth temperature for these

nanotips and nanorods were 950°C and 1200°C, respectively. The AIN nanotips and

nanorods grow by vapor solid mechanism and their preferred growth direction (long

axis) is [001]. Composition and structures of the nanostructures have been confirmed

by TEM, XRD, and Raman spectroscopy. A diffusion mediated growth model

incorporating an Ehrlich-Schweoebel. barrier and compressive stress at lower growth

temperatures has been proposed to explain the formation of high aspect ratio nanotips

with substantial microscopic and structural evidence.
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Chapter 6

Luminescence of AIN nanotips

In recent times, wide band-gap Ill-nitrides have attracted considerable interest due

to their outstanding thermal and chemical stability, leading to major advances for the

devices which are active in the short-wavelength and capable of operation at high

temperatures and in hostile environments [9]. Recently, the synthesis of

one-dimensional nanostructured AIN opened potential applications in electronic/optic

devices [177,178]. Therefore, understanding of electronic/ optic properties of AIN is

of a great interest. Previous- studies on-the “optical properties of AIN were

well-documented. The near band-edge transition was investigated by using

cathodoluminescence (CL) [179-181], photoluminescence (PL) [182,183],

thermoluminescence (TL) [184,185], and optical reflectance [186] measurements on

bulk as well as epi-AIN samples. Defect-related transitions were characterized in

these systems as well [184,185,187-190]. Optically simulated luminescence

measurements using visible or infra-red light and TL studies assisted with excitation

spectral analysis showed that defect related emission peaks are due to radiative

recombination process involved in complex formed due to oxygen related impurity

(On) and aluminum vacancies (V1) [184,185].
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Single crystalline, free-standing, nearly strain free and high quality nanostructures

are preferred over thin film or bulk materials, since they serve as ideal systems for

measurements of the fundamental properties of AIN [191]. However, there are only a

few reports on the optical properties of nano-size AIN [192]. Therefore, it is useful to

study and understand the luminescence features of AIN nano-structure. In this chapter,

the optical properties nanostructures were studied by various optical techniques.

Temperature dependent cathodoluminescence results are discussed in section 6.1. The

photoluminescence and photoluminescence excitation properties were reported in

section 6.2. Section 6.3 displays: thermoluminescence and thermoluminescence

excitation spectra. Absorption- phenomenon ‘was exhibited is the section 6.4. A

luminescence model of AIN was proposed in section 6.5. Finally, section 6.6 will

make a summary according to the obtained results.

6.1 Temperature dependent cathodoluminescence (CL)

Temperature-dependent CL studies (Fig. 6.1) showed two broad emission bands at

3.4 and 2.1 eV. The peak at 3.4 eV dominates the spectral range from 1.8 to 6.2 eV.

This peak appears at the same wavelength as the well-known peak due to

oxygen-related defects. According to Youngman et al., [187,193] the dominant line

(3.4 eV) was related to the defect created when oxygen substitutes for nitrogen in the
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AIN lattice. Interestingly, the position of the oxygen related defects luminescence in

AIN can vary from 3.3 to 4.0 eV as the concentration of oxygen content are changed.

Based on M. Strassburg et al. [190], it was presumed that nitrogen vacancies and Al

interstitial point defects are responsible for the 2.1 eV emission band. The CL spectra

obtained from R. A. Youngman [193], where two peaks at 3.4 eV and 2.1 eV were

evident suggesting that it is likely that our materials had the same level of oxygen

content dissolved in the AIN lattice. The origin of these two peaks will be discussed in

more detail subsequently, with the analysis of the midgap luminescence of AINNTs.

The inset in Fig. 6.1 shows a low temperature CL spectrum of AINNTs measured at

high resolution in the near-band-eédge energy range.-This short wavelength emission

close to ~6 eV is related to the transitions at the fundamental absorption edge. This

emission can be further deconvoluted into two peaks (inset, Fig. 6.1), centered at 6.07

and 6.20 eV, respectively, which are corresponding to the band edge splitting of AIN

[194,195].
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FIG. 6.1 Temperature-dependent CL 'spectra from AINNTs grown on Si substrate
measured between 4 to 300 K. The inset shows the near band edge transition which

can be resolved into two peaks.
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6.2 Photoluminescence (PL)

For further understanding of the light emission processes, the spectra were recorded

by measuring the luminescence intensity of the nanotips as a function of excitation

energy at selected detection energies. Figure 6.2 shows a typical PL spectra and PL

excitation (PLE) spectra corresponding to the emission spectra (accumulated)

obtained with different excitation wavelengths. The PL spectra show two broad

emission bands centered at 3.2 (A), and 2.1 (®) eV, respectively. PLE spectrum was

taken by fixing the detector at energy of 2.1 eV, then varying the wavelength of

excitation light. We found that the .emission of 2.1 eV originated from the absorption

of 3.4 eV light.

Excitation energy (eV)

2.0 25 3.0 35 4.0 4.5 5.0

T T T T T o
c s
E Y =
a E=]
=y : z
7 5 R 4
< a4 4+ PL(r,=50eV) 8
e e PL(A_=35¢eV) £
— ..."_1... EX ]_u
= il S PLE (A, =21eV) | Y
o - a

30 35 20 4.5 5.0
Photon energy (eV)

FIG. 6.2 PL and PLE spectrum of AINNTs measured at room temperature. PL were

taken from by the 5.0 (A), and 3.5 (@) eV excitation, respectively. PLE were taken

with the detection at 3.2 (/\), and 2.1 (O) eV.
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6.3 Thermoluminescence (TL)

A broad emission ranging from 1.7 to 4.1 eV were observed in TL spectra (Fig 6.3)
in the temperature range of 66-145°C with a pre-excitation of 6.0 eV. The observed
spectra are in good agreement with the results of CL and PL, with defect peaks arising
around 3.0 eV (slightly shifted to lower energy) and 2.1 eV. From the evidence of TL
excitation (TLE), we understand that the source of emission around 3.0 eV is the near
host-lattice absorption (~ 6.2 eV). Peak around 2.1 eV, however, is unaltered and no
optical excitation could be made responsible for this emission, presumably due to the
extremely low intensity which is out of working range of the detector in our TLE
measurements. Possible origin of this peak will -be discussed in the following
paragraph. Sufficient luminescenee intensity aboyve toom temperature in AIN, with its
high resistance to radiation conditions, makes it a potential candidate as an UV

detector applicable even at high temperature.
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FIG. 6.3 TL spectrum of AINNTs:measured at different temperature between 66 to 145

‘C with 206 nm excitation. TLE were observed at very near band edge.
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6.4 UV Absorption

Further support of the CL, PL, and TL results comes from the UV absorption

spectra (Fig. 6.4). We found three broad absorption peaks occurring in the process,

centered at 3.4 eV, 4.5 eV, and 6.2 eV, respectively. Berzina et al. [196] have defined

defect levels in AIN to be of three types: On-Va; complex level at around 1.2 eV from

valance band (VB), separated Oy ions level at around 4.6 eV from the VB, and a set

of levels representing different electron traps. Slack et al.[197] have reported that

oxygen incorporation in AIN proceeded by the substitution of oxygen on nitrogen

sites (On) with the formation of. ‘attendant aluminum vacancies (Vu;) for charge

compensation. A state related t0: On-Vai complex formed inside the AIN band-gap

with a probable excited state close to or overlapping (providing ionization to the

excited centre) to conduction band. According to the energy scheme proposed by

Berzina et al. [196], On-Va; complex excited to the separated Oy ions level, On-Va

complex level excited to near band edge, and band to band absorption are the source

of the three broad absorption peaks centered at 3.4, 4.5, and 6.2 eV, respectively.

Youngman et al. [193] has suggested that one possible origin of the peak broadness is

due to the coulombic interaction between donor (Oy) and acceptor (Vaj) pairs.

However, more detailed experiments, including time-resolved measurements, are

necessary to clear this picture.
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FIG. 6.4 UV absorption spectrum of AINNTs showing major absorption process

taking place.
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6.5 Luminescence model

In brief, as shown in Fig. 6.5, absorption of a light quanta, hv (~ 6.2 eV) owing to

host lattice absorption [6.2 eV, as indicated in the TLE (Fig. 6.3), and UV absorption

(Fig. 6.4) measurements]. Excitation of the On-Va; complex level [4.0-5.0 eV, as

indicated in UV absorption (Fig. 6.4) measurement] transforms the On-Va; to an

acceptor level and the excited electrons relaxes and gets trapped in the state created by

separated Oy ions at 4.6 eV forming a donor state. The radiative recombination taking

place between the donor and the acceptor states will emit a light of around 3.2 eV, as

observed in CL (3.4 eV, Fig. 6il), PL (Fig.. 6.2) and TL (3.0 eV, Fig. 6.3)

measurements. Simultaneously,-another low.energy emission ~ 2.1 eV, [CL (Fig. 6.1),

PL (Fig. 6.2) and TL (Fig. 6.3) measurements] may occur due to some still unknown

oxygen-related luminescence centers, which can be excited either in its own excitation

bands, or reabsorbing the 3.4 eV emission as indicated in our PLE (Fig. 6.2) study.

The electrons may also be released from the conduction band or released from the trap

states during optical stimulation [185] or thermally by heat (TL) [184].

89



Host-lattice
absorption

N>

hv ..

1st

)
L,

order 5%
oxygen-
related
defect
absorpt
ion

"

O\ -V,, defect

hV 600 nm

a set of levels representing
different electron traps.

2nd order oxygen-related
defect absorption

Valence Band

FIG. 6.5 Schematic

90

escence model of AIN



6.6 Summary

A comprehensive description of luminescence properties for AIN nanotips is

provided. Three prominent bands at 2.1, 3.4, and 6.2 eV were detected in CL, PL, and

TL measurement. Excitation spectral analysis (PLE and TLE) combined with optical

absorption measurements reveal that emission peaks at 2.1, 3.4, and 6.2 eV are due to

On-Vai complex excited to the separated Oy ions level absorption (3.4 eV), and host

lattice absorption (6.2 eV), respectively. Finally, a complete illustration of

luminescence model of AIN was presented.
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Chapter 7

Surface enhanced Raman properties of AIN nanostructures

Surface enhanced Raman spectroscopy (SERS) has evolved as a powerful and
sensitive tool for detection and identification of a wide range of adsorbate molecules
down to the limit of single molecule detection [198-200]. Due to the low scattering
cross section (10°° cm?molecule), Raman spectroscopy was much inferior to
fluorescence spectroscopy, which had a larger cross section (10™*° cm?molecule), for
trace detection. Using specially .prepared.rough.metallic surfaces the otherwise weak
Raman signals can be enhanced by .several orders making detection possible [201].
This enhancement can be as large as 10'{498]. Hence, SERS has the capability to
unite the sensitivity of fluorescence with the rich structural content inherent to Raman
spectroscopy. This extraordinary enhancement is believed to be predominantly due to
two mechanisms, a long range classical electromagnetic (EM) effect and a short range
chemical effect [202]. The respective contributions of these mechanism to the overall
SERS enhancement is debated but the EM effect is believed to be few orders more
than that due to the chemical effect. Nie and Emory [198] showed that the commonly
observed enhancement of the order of ~10° may have only been an ensemble average

over several hundred nanoparticles, whereas a few of these SERS active metallic
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particulates, called hot particles, can actually give an enhancement of about 10°. At
this level of enhancements SERS, with the richness of the molecular information,
supercedes laser induced fluorescence experiments that carry molecular information

only at low temperatures.

Even as we lack a complete quantitative understanding of the fundamentals of
SERS, the progress in application developmental research has been remarkably fast
and successful. Probing single molecules [203-205] or nanostructures [206,207], and
development of nanoscale chemical sensors [208-209] utilizing SERS independently
or in conjunction with liquid chromatography was*made possible. The first step for
achieving such advanced stages of application development was the fabrication of
proper substrates which are SERS active-and provide high enhancement factors. The
first substrate on which SERS was observed was electrochemically roughened silver
(Ag) electrode.* Since then Ag films produced by Tollens reaction [210], or by vapor
deposition methods [211,212] has been common place. Nitric acid etched Ag foils
[213], or Ag photodeposited on anatase TiO, substrates [214] are also relatively easy
to prepare. Self assembled Ag or Au colloid particles on polymer coated substrates
and silver particles layered on to etched polymer substrates has also been used as
SERS active substrates [211]. These substrates demonstrate enhancement factor of

10°-10° which can be further enhanced by resonance effects. However, most of these
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techniques, apart from photolithography [215], involve wet chemical etching and thus

cannot be readily integrated into existing silicon device technologies. Achieving

nanometer size metal prints is several years down the line even for lithographic

techniques [215,216]. However, a special tip induced SERS aiding in nanoscale

chemical analysis has been demonstrated which does not require a substrate

fabrication [217]. SERS active substrate generation techniques compatible to silicon

device technology is important since only then it can have a wider scope in

applications such as micro electro mechanical systems (MEMS). In this chapter we

report AIN nanostructured substrate-on which Silver nanoparticles, with less than 10

nm in diameter, can be self assembled at an extremely: high density that readily exhibit

the surface enhancement.

Having discussed the preparation and structure of AIN nanotips and nanorods, we

now proceed to use them as template for nanocrystalline Ag (nc-Ag) generation.

SERS have been mostly observed on metal colloids prepared by wet chemistry [218]

which are often more efficient than roughened silver electrodes [201] used

conventionally. The problem with colloids is however their instability resulting from

agglomeration. But, very importantly, clean room compatible plasma processes are

always preferred, over wet chemical means, to incorporate the metal nanocrystals in a

sensing device. Noble metals, such as Ag, that demonstrate the best SERS, do form
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rough island-like films when deposited on silicon. The SERS activity of the metal is
enhanced in the nanophase when a high packing density [219] is attained. Use of a
wide band gap template, such as AIN, for the nanoparticle support is essential to
eliminate any background luminescence effect from the support and accentuate the
Raman signals. AIN being chemically inert and immiscible to Ag will also preserve
the purity and integrity of the nc-Ag and can be utilized in fabricating stable and

reliable plasma engineered sensing devices.

7.1 Experimental

The AIN nanotips and nanorods were coated with silver by the ion beam
sputtering (IBS) process. A base pressure of :4x10° Torr was achieved in the
sputtering chamber that contained a high purity silver target, mounted on a rotating
stage, and the AIN NTs and NRs substrates held about 10-15 cm away from the target.
An argon (Ar) ion beam (Ar flow rate of 2 sccm) was accelerated toward the silver
target using a Commonwealth Scientific (CS) IBS controller. The sputtered silver was
collected on the substrate, kept at room temperature, for different durations of time.
The working pressure was about 5x10™ Torr.

Commonly used molecule for SERS experiment such as Rhodamine 6G was then

dispersed by drop coating onto these substrates, in measured quantities, from its
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solution and dried. They were then used for the Raman measurements using a

Renishaw-2000 micro Raman spectroscope. Single accumulations with integration

times of 5s were used to collect the spectra in a backscattered mode. A 532 nm laser

with a source intensity of 100 mW was used with a probe beam diameter of 1 um.

7.2 Results and discussion

Scanning electron microscope (SEM) images of the deposit reveal AIN nanorods to

be sharply faceted quasi-aligned nanerads with-a hexagonal cross-section. Figure 7.1a

shows the SEM images of the .as-grown AIN. nanorods. Fig. 7.1b displays the SEM

image of Ag-coated AIN nanorods. Fig. 7.1c shows the Ag-coated AINNTS, and Fig.

7.1d exhibit the high magnification SEM image of Ag nanoparticles coated on AIN

nanotips.
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FIG. 7.1 (a) Cross section and top view (inset) SEM image of quasi aligned AIN

nanorods; (b) Top view SEM image of Ag-coated AIN nanorod; (c) Cross section

view of Ag-coated AIN nanotips; (d) High magnification SEM image of Ag-coated

AIN nanotips; () X-ray diffraction spectrum of as-grown and Ag coated AIN

nanostructures clearly shows a preferred orientation along [002] (26=36.04°).
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The XRD spectra of the as-grown AIN nanotips and nanorods shows strong
signatures of h-AIN phases ((100), (002) and (101)) (JCPDS 25-1133) along with
unreacted pure Al (JCPDS 04-0787) residue. In addition to the XRD spectrum, the
selected area electron diffraction (SAED) pattern (top inset, Fig. 7.2a), and electron
energy loss spectroscopy (EELS) (bottom inset, Fig. 7.2a), carried out during the
transmission electron microscopy (TEM) measurements conclusively prove that they
are AIN in composition having hexagonal symmetry. Figure 7.2a shows a TEM image
of an Ag-coated AIN nanorod. Figure 7.2b shows the lattice image of the as grown
AIN nanorods with a do) = 0.252,nm, matching.that of h-AIN. The growth direction
of the single crystalline h-AIN nanorods were evidently [002].

The h-AIN nanotips and nanorods provide a surface, with suitable interface energy
and lattice mismatch that promotes the generation of nc-Ag, instead of a thin film,
under an incident flux of Ag vapors in a sputtering chamber with specified deposition
parameters. Argon ion beam sputtering [209] of a Ag target for 10 minutes under
room temperature and 5x10™ Torr pressure, used in this case, produced a single
overcoat of nc-Ag on the entire surface of the h-AIN nanotips and nanorods. The sizes
of the nc-Ag are mostly ~5 nm in diameter but not exceeding 10 nm, having an
extremely high packing density such that they touch each other (Fig. 7.1b and 1d).

Note that the packing density of the nc-Ag, per unit probe volume, is further enhanced
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due to the rough nanostructured template compared to a flat template surface. Figure

7.2c shows the SAED pattern of the AIN nanorods with a post synthesis coating of

sputtered Ag. Clear and sharp diffraction spots, which are signatures of h-AIN, were

observed in the SAED pattern along with sharp ring patterns arising from nc-Ag (Fig.

7.2¢). The sharp ring features present in the SAED pattern (Fig. 7.2c), but absent in

Fig. 7.2a (top inset), confirms the presence of nc-Ag in the Ag coated samples.

However, crystalline Ag signal cannot be detected unambiguously from the XRD

spectrum of the Ag coated h-AIN nanostructures shown in Fig. 7.1c mainly due to a

small cross-section of the nc-Ag to,the incident X-rays and the close proximity of the

Ag (JCPDS 03-0921) and unreacted Al signals:
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FIG. 7.2 (a) TEM image of a single Ag-coated AIN nanorod (the arrows showing the

nc-Ag); top and bottom inset shows the SAED pattern and the electron energy loss

spectroscopy (EELS) spectrum of the as-grown AIN nanorod, respectively; b)

HRTEM image of the as-grown AIN nanorod lattice; c) SAED pattern of the

Ag-coated AIN nanorod.
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The Raman spectrum of the as-grown h-AIN nanostructures excited by a 532 nm
laser is shown in Fig. 7.3a (AINNRs) and 3d (AINNTS). Measured quantities (2-5 uL)
of micro-molar (10° M) solutions of Rhodamine 6G (R6G) in methanol when
dropped on these as-grown h-AIN nanostructures show only a broad and strong
fluorescence characteristic of R6G as shown in Fig. 7.3b (AINNRs) and 3e
(AINNTS). The nc-Ag coated h-AIN nanorod surface demonstrates SERS of 10° M
R6G solution. The generally fluorescent R6G molecule has its fluorescence quenched
when adsorbed on the nc-Ag present on the h-AIN nanostructures template and the
Raman signals are promoted as demonstrated in'Fig. 7.3c (AINNRs) and 3f (AINNTS).
Assuming 100% adsorption of the R6G -molecules on the nc-Ag, a minimum
enhancement in the range of: ~2x10° was .calculated [220] for the Raman

cross-section.
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FIG 7.3 Raman spectrum of (a) the as-grown.AIN nanorods, (b) as-grown AIN
nanorods with R6G, and (c) SERS spectrum-of Ag coated AIN nanorods with R6G, (d)
as-grown AIN nanotips, (e) as-grown'AlN-hanetips with R6G, and (¢) SERS spectrum

of Ag coated AIN nanotips with R6G.

7.3 Summary

In final, we have demonstrated the synthesis of quasi-aligned h-AIN nanostructures
from pure Al powders heated to 900 and 1200°C in presence of ammonia. lon beam
sputtered silver self-assembles as nanocrystals on these h-AIN nanostructures and
readily exhibits surface enhanced Raman scattering. Minimum SERS cross-section

enhancement factors in the range of 2 x 10° have been obtained.
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Chapter 8

Field emission from quasi-aligned AINNTs

One-dimensional (1-D) nanostructures have recently brought significant research

activities for its unique properties in different applications such as atomic-resolution

scanning tunneling microsco 221], near field optical microsco 222], and
g g py [ p py

high-resolution atomic force microscopy [223]. At the same time, wide band-gap

materials have been promising as cold-cathode materials [224,225] due to their low

electron affinities as well as their excellent thermal, chemical, and mechanical

stability. Recently, the field emission characteristics of few 1-D wide bandgap

semiconductors, such as well-aligned ZnO nanowites [226], SiC nanowires [227,228],

SiCN nanorods [229], GaN nanowires [138], and diamond-like nanostructure [230],

have been widely investigated and reported. Superior field emission performance can

be achieved by adjusting the aspect ratio and spacing of the nanomaterials to optimize

the enhancement of the local electric field at the emitting sites. It is clear that sharper

tips give higher field enhancement factor which provides higher field emission current.

One dimensional nanostructures including nanotips are interesting systems to

investigate the field emission phenomenon [145,146,156]. The inherent current or

voltage stressing of the nanostructures during the FE process however creates a
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concern over the stability of the process and the nanostructures itself. Wide bandgap
materials such as AIN may provide important clues or answers to this problem and
that remains the focus of this report. According our previous observations, the
hexagonal and faceted AINNTs always reveal a sharp end with point tip. This
geometrical feature and the intrinsically low electron affinity nature make AINNTSs an
emitter material of potential. In this chapter, the field emission properties of the
quasi-aligned AINNTs grown on p -, p-, n-, and n'- type Si substrates were studied.
Section 8.1 will introduce the experimental section including the sample and
parameters for field emission measurement. The. results of geometrical feature and
field emission of AINNTSs are discussed in section 8.2: Finally, section 8.3 will make a

summary.

8.1. Experimental

The sample of AINNTs and AINNRs for field emission measurement were grown
on gold coated p'-type Si (p'-Si) (resistivity ~ 2-5 mQ cm), p- (resistivity ~ 10 Q cm),
n- (resistivity ~10 Q cm), and n'-Si (resistivity ~ 2-5 mQ cm) Si substrates,
respectively via APCVD. Field emission measurements were carried out using
parallel-plate configuration under a base pressure of ~1 x 107 Torr. The schematic

drawing of FE is shown in Fig. 8.1. A Keithley 237 high voltage source-measure unit
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was used for sourcing the voltage (up to 1100 V) and measuring the current (with
pico-ampere sensitivity). The quasi-aligned AIN nanostructures served as the cathode
and an indium tin oxide (ITO) coated glass was used as the anode for our FE
measurement. The effective emission area is defined by the patterned ITO anode
(emitting area 0.06 cm?). The distance between these two electrodes could be

controlled, and kept at 70 pm.
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. a Supply
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FIG. 8.1 Schematic diagram of field emission measurement [231].
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8.2. Results and discussion

Figure 8.2 a-b display the field emission scanning electron microscope image of
the AIN nanotips grown on p'-type Si (p -Si) substrate, and AIN nanorod grown on
n'-type Si (p'-Si) substrate (Fig. 8.2 c-d). All AIN nanostructures prepared on
differently doped Si substrates have very similar morphologies to each other. It was
found that AIN nanostructures could be successfully synthesized depending only on
the growth parameters, such as temperature, reaction time and gas flow rate but
independent of the dopants in the Si substrate. Typical cross-sectional SEM image of
AIN nanotips and nanorods are shown in Fig. 8.2(b) and (d). This photograph displays
a high density of quasi-aligned’ nanotips-and ‘well aligned nanorods uniformly
distributed over the entire substrate. It'should be.neted that all the nanotips exhibited
the same self-selective apex angle, indicating the formation of nanotips was subjected

to a surface energy controlled process [166].
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FIG. 8.2 Typical FESEM (a) topﬁ%igl\r*i;?(b')%“b‘ﬁﬁg@hon images of AIN nanotips ; (¢)

top view, (d) cross section images of AIN nanorods grown on p'-Si substrate.

107



The typical field emission current density (J), which is defined as the current
collected per unit area of the anode, vs. applied field (E) characteristic of AINNTs and
AINNREs is depicted in Fig. 8.3. The quasi-aligned AIN nanotips served as the cathode
and an indium tin oxide coated glass was used as the anode for our FE measurement.
The anode area is approximately around 0.25 cm®. The anode-cathode distance was
kept at 70um. If a turn-on field (Von) for field emission is defined as the field required
in extracting a current density of 10 puA/cm” [232] then Von for samples grown on p’
(resistivity ~ 2-5 mQ2 cm) and p type (resistivity ~ 10 Q cm) Si substrates were 6.0
and 8.5 V/um, respectively. In contrast, it 1s difficult to obtain any field emission
current of the AIN nanotips grown'on n- (resistivity ~10 Q cm) and n'-Si (resistivity ~
2-5 mQ cm) substrates as well s the AINNRs grown on p'-Si. No emission current
observed from AINNRs may be due to the surface field declining attributed to high
density of nanorods and flat surface. Emission currents higher than 0.22 A/cm® are
observed on the case of AINNTs grown on p'-Si while the applied field exceeds 10
V/um. The obtained turn-on field of 6.0 V/um is comparable to the lowest Ey, values
reported so far for CNTs (0.6 — 2.8 V/um) [232-234], N-doped diamond film (~1.5
V/um) [235] and amorphous carbon film (6.0 V/um) [236]. According to the F-N plot
(see the inset), a linear relation between In(J/E®) and 1/E is observed, indicating that

the field emission is intrinsically driven by the electric field. The reproducibility of
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the FE properties was verified for the AIN nanotips grown on p'- and p-Si substrates
by performing repeated cycles of measurements and is shown in Fig. 8.3(b). For
practical application as an emitter material in flat panel display, emission current
stability of AINNTs has been tested under high vacuum conditions for extended
periods of time. The stability study was done by extracting a constant current density
of 100 pA/cm?, which is 10 times larger than the minimal FED operation current of 10
nA/cm?, continuously over a period of 10 hours and monitoring the flat plate electric
field required for the purpose. Figure 8.3(b) demonstrates the stability of electron
emission from the AIN nanotips grown on p"and p-Si substrates. For AIN nanotips
grown on p' and p-Si substrates, the applied electric field varied by only about less
than 5% and 10%, respectively,-of its original wvalue to maintain the 100 pA/cm’
current density, it is manifesting the highly durable and robust capability of the
AINNTSs. An acceptable stability of the quasi-aligned AIN nanotips was demonstrated.
However, the instability in the applied field at 4 hrs into the experiment probably
indicates some damage, under such high current extraction (current stressing), in the
substrate-nanotip interfacial area resulting in a reduced density of the emitters. The
reduced density of the nanotips can reduce the effective field screening at the tips and

bring down the required field for a specific current extraction.
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FIG 8.3 (a) Field emission charactetistic curves for quasi-aligned AIN nanotips
emitter (emitting area 0.06 cm?) grown on (A) p'-type Si, (V) p-type Si, (@) n'-type
Si and (o) n-type Si, respectively. (%) is the AINNRs grown on p'-type Si. Inset
shows the F-N plot for field emission of the AIN nanotips grown on (A) p" and (V)
p-type Si; (b) Emission stability of AIN nanotips grown on (A) p" and (V) p-type Si

substrates, where the emission current was kept at a constant value of 100puA/cm’.
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Field emission mechanism from supported nanostructures should consider electron

injections from the two interfaces namely the substrate-emitter interface and the

emitter-vacuum interface. Whereas the emitter-vacuum interface is widely studied and

reported, the substrate-emitter interface was rarely studied. In 1996, a simplified

electron emission model, proposed by Choi et al. [237], on a metal-diamond-vacuum

system, which considered tunneling of electrons through the Mo-diamond Schottky

barrier into the conduction band by applying an electric field. A similar model was

proposed by Geis et al [238]. Furthermore, Snow et al. [239], proposed the model of

electron emission mechanism based on transport across both interfaces, one is

substrate-diamond interface, and the other is°diamond-vacuum interface. It has been

reported that the emission performance’of diamond-is often limited by the injection of

electrons into the diamond through the metal-diamond interface. Therefore, the

quantity of electrons injected from the substrate to the wide bandgap material is the

determining step for the field emission of the wide bandgap materials.

To explain the electron transport phenomenon across the substrate-emitter interface,

we revert to semiconductor heterojunctions. The analogy of the present system, AIN

on Si, with that of a semiconductor heterojunction is valid owing to the large

difference in their bandgaps and resistivities. The AIN material has a high electrical

resistivity and wide bandgap (6.2 eV) [240] in comparison to the low electrical
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resistivity and low bandgap (1.1 eV) of the Si substrates. The work function for AIN
was found to be 4.3 eV [241] whereas that for n-type Si is ~ 4.15 eV from an
independent ab-initio calculation [242]. The electron affinity (y) of wide bandgap AIN
is 0.6 eV [241] and less than that of the low bandgap Si (y = 4.01 eV) [242]. Hence
for Si-AIN junction, a “straddled” heterojunction was obtained wherein the bandgap
of the AIN completely overlaps the bandgap of Si. After Si and AIN forms a junction
and thermal equilibrium is established, band bending occurs at the interface (Fig. 8.4).
Due to a very large separation in the Fermi levels of n-type Si (Epy) and AIN (Ef) a
large number of electrons flow into- AIN for:Fermi level alignment across a Si
(n-type)-AIN junction. This will bring about a severe band bending at the interface
and a higher barrier for further electron' movement from Si to AIN. On the other hand,
for Si (p-type)-AIN heterojunction, the Fermi level in Si (Epp) is slightly lower than
that in AIN (Eg), causing a flow of holes from p-type Si to AIN to obtain Fermi level
alignment. Therefore, the band banding at the Si(p-type)-AIN interface results in a
“well”, instead of a barrier, allowing an easier electron flow across this junction under
an applied field. This effect will be more pronounced for a p'-type Si-AIN interface
since an even narrower separation exist between the Epp and Er and will lead to a
more efficient electron tunneling into AIN. Therefore, AIN nanotips grown on p-type

and p'-type substrates have higher emission currents than those grown on n-type and
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n'-type Si substrates. This phenomenon is very similar to that of the field emission
properties of one dimensional wide bandgap SiCN nanostructure where no gold
catalyst was used [243]. The field emission results we obtained on differently doped
substrates were not dominated by any possible gold doping which, if present, would
have been identical for all the samples. The contrasting field emission results can only
result from the donor/acceptor doping in the substrates which was the only

distinguishing factor for the samples studied.
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FIG 8.4  Representative band  diagram for.(a) Si (n-type)-AIN and (b) Si
(p-type)-AIN heterojunctions, before and after thermal equilibration. Ec, Ev, Er stands
for the conduction band, valence band and Fermi level, respectively, of AIN. Ecn, Eyn,
Epn stands for the conduction band, valence band and Fermi level, respectively, of
n-type Si and Ecp, Eyp, Epp stands for the conduction band, valence band and Fermi

level, respectively, of p-type Si.
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8.3 Summary

In final, FE properties of AIN nanotips and nanorods were studied. The effect of
the p- and n-Si substrates in enhancing or limiting the field emission from the Si-AIN
interface was demonstrated. The results of improved field emission of AIN on p'- and
p-Si substrates were explained based on band diagram considerations in
semiconductor heterojunctions. The existence of an energy barrier at the interface of
n-/n’-type Si and AIN attenuated the electron flow whereas the absence of the same
eliminated any threshold for electron flow across the p-/p -type Si and AIN interface.
A stable field emission from the AIN nanotips ' was observed over a period of 10 hours.
Due to the nanosize structure and stable nature, the AIN nanotips show great potential

for field emission device application.
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Chapter 9

Conclusion

Via the technique of horizontal-flow hot-wall atmosphere pressure chemical vapor

deposition (APCVD) using highly pure aluminum and ammonia gas as the CVD

precursor, conductive AIN 1D nanocrystals, including NTs and NRs. A detailed

characterization focusing on the morphology, structures, orientations and

compositions of the various AIN samples have been carried out by means of FESEM,

HRTEM, SAED, EELS, XRD, and,Raman scattering.

The vertical quail-aligned and highly packing density AINNTSs are prepared via the

APCVD technique. The AINNTS have' six-sided hexagonal geometry and sharp tip.

The effects of variety types and thickness of metal coating on the morphology and

size have been observed via FE-SEM. The size of AINNTs can be controlled by

adjusting the thickness of the Au layer. For deposition on thin (7 nm) Au-coated Si

substrate, AINNTSs exhibited a mean diameter of 10 nm at the apex, 80 nm at the base,

and 250 nm in length whereas NTs deposited at thicker Au layers (15-50 nm)

produced longer nanotips (300-3000 nm) with wider apex (20-100 nm) and base

(100-700 nm) diameters. Furthermore, AINNTs can be prepared on Al and Pt coated

substrates, even on bare Si (without metal coating). It indicated that metal coating is
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not indispensable for the growth, but it does help in controlling the morphology of the

AINNTs. The Al nanocrystals nucleated within the first 20 minutes of growth and

served as the base for the AINNTSs formation. AINNTS start to germinate at the first 25

minutes of the growth and complete formation in 25-30 minutes. TEM and SAD

measurements indicate that these hexagon tips have their long-axis along [002]

direction. XRD patterns show that AINNTSs exhibit hexagonal crystal symmetry with a

preferred growth direction of (002). The growth mechanism of AINNTS is supposed to

be different from ordinary vapor-liquid-solid or catalyst-mediated growth mechanisms.

AINNTS possess a stable plane (namely (221)) with 81° angle with respect to the basal

plane. The “nongrowth” surface ‘model was proposed to be the main mechanism

leading to the tip formation.

By designing a series of APCVD experiments, a morphological evolution from

tip-like AIN to rod-like NRs has been observed as increasing the reaction temperature

from 950 to 1200°C. The structural characterization by TEM, SAED and XRD shows

the single-crystalline quality and an identical preferred c-axis growth direction for the

AIN NTs and NRs. The diffusion mediated growth model incorporating an

Ehrlich-Schwoebel barrier was proposed to explain the formation of high aspect ratio

nanotips and nanorods.

Near-band edge peak (~6.2 eV) and defect luminescence (~3.4, 2.1 eV) were
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observed in optical properties measurements. Spontaneously absorption from
host-lattice and a serious of oxygen-related defect levels were obtained from
excitation spectra and UV absorption technique. Luminescence model was adapted to
describe the luminescence features of AINNTS.

The use of AIN nanostructures as nano-templates for SERS experiments were
carried out by Ag coating. Nc-Ag particles are well dispersed on the h-AIN nanotips
and nanorods with the mean diameter of 5-10 nm, exhibitng minimum SERS
cross-section enhancement factors in the range of 2 x 10°.

The field emission performance,of the quail-aligned AINNTSs has been studied in
detail. TEM micrograph shows that the AINNTS -have a geometrical feature of
self-assembled sharp tip with high aspect ratio, which is helpful in increasing field
enhancement. The J-E measurement yields a low turn-on field at 6.0 V/um for
AINNTSs, which is comparable to that of CNT, N-doped diamond film, and amorphous
carbon film. After operating at J = 100 pA/cm?® for over a period of 10 h, the
long-term stability of durable and robust AINNTs is demonstrated. Our results
indicate that AINNTs would be particularly suitable for use as field emitters, due to
several advantages including nanometer structure, self-assembled sharp tips, and
stable long-term emission ability. The Si-AIN heterojunctions model was proposed to

explain the improved field emission of AIN on p*- and p-Si substrates.
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