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E. ABSTRACT OF RESEARCH 
(An abstract of between 100 and 200 words must be prepared in Bahasa Malaysia and in English. 
This abstract will be included in the Annual Report of the Research and Innovation Section at a later date 
as a means of presenting the project findings of the researcher/s to the University and the community at 
large) 

Abstrak Penyelidikan 
(Perlu disediakan di antara 100 - 200 perkataan di dalam Bahasa Malaysia dan juga Bahasa 
lnggeris. 
Abstrak ini akan dimuatkan dalam Laporan Tahunan Sahagian Penyelidikan & lnovasi sebagai satu 
cara untuk menyampaikan dapatan projek tuan/puan kepada pihak Universiti & masyarakat luar). 

ABSTRAK 
Struktur-struktur nano berasaskan silikon telah berjaya dihasilkan oleh pertumbuhan atas substrat 
silikon secara langsung dengan menggunakan wafer silikon dan serbuk karbon aktif sebagai bahan 
mentah. Nanowayar SiOx dan Si!SiOx dihasilkan oleh gabungan pertumbuhan dengan bantuan 
karbon dan oksida melalui mekanisma wap-pepejal apabila masa pengoksidaan adalah 24 minit 
dan masa rendaman adalah1 jam. Nanowayar SiOx disintesiskan pada suhu pertumbuhan 1200°C 
sementara nanowayar Si!SiOx disintesiskan pada suhu pertumbuhan 1300°C. Apabila masa 
pengoksidaan kurang daripada 12 minit, hanya struktur nano SiC dihasilkan. Nanorod dan 
nanotiang dihasilkan pada masa rendaman 1 jam. Diameter dan jumlah struktur-struktur nano ini 
susut apabila masa pengoksidaan jatuh daripada 12 minit kepada 1 minit. Nanorod SiC dijumpai 
pada tengah substrat manakala nanotiang dijumpai pada tep substrat silikon. Strukturnya tukar 
kepada nanowayar SiC/Si02 apabila masa rendaman dinaikkan kepada 2 jam. Struktur-struktur 
nano baru seperti nanokabel dan nanosarang dihasilkan bergantung pada lokasi pertumbuhan atas 
substrat silikon. Diameter nanokabel dan nanosarang susut apabila jumlah serbuk karbon aktif 
bertambah. Pembentukan nanokabel dan nanosarang adalah disebabkan oleh kesan aerodinamik 
kerana perbezaan tekanan di dalam dan luar mangkuk pijar. Pertumbuhan struktur-struktur nano 
SiC ini adalah melalui mekanisma wap-pepejal. 

ABSTRACT 
Si-based nanostructures were successfully synthesized through the method of direct growth on silic 
substrates using only silicon wafers and activated carbon powder as sources. SiOx and Si!SiOx cor 
nanowires were produced through combination of carbon-assisted growth and oxide-assisted gro 
vapour-solid mechanism when the oxidation time was 24 minutes at a soaking time of 1 hour. SiO 
were formed at 1200°C while Si!SiOx core-shell nanowires were formed at 1300°C. When the oxi 
was reduced to below 12 minutes, SiC nanostructures were mainly formed. SiC nanorods and nano 
were formed at a soaking time of 1 hour, with decreasing diameter and amount with decreasing oxi 
from 12 minutes to 1 minute. SiC nanorods were formed at the center while SiC nanocolumns wer 
the side of silicon substrates. The structure changed from SiC nanorods and nanocolumns to SiC/Si 
shell nanowires when the soaking time was increased from 1 hour to 2 hours. New nanostructures 
core-shell nanocables and nanowebs were formed depending on the growth locations on the silicon 
when the activated carbon powder was added. The nanocables and nanowebs decreased in diameter 
increasing amount of activated carbon powder. The formation of these nanocables and nanocables 
of aerodynamic effects due to the pressure difference inside and outside of the crucible. The gro 
SiC nanostructures was correlated to the vapour-solid mechanism. 
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F. SUMMARY OF RESEARCH FINDINGS 
Ringkasan dapatan Projek Wenyelidikan 

Different Si-based nanostructures, namely Si/SiOx core-shell nanowires, SiOx nanowires, SiC 
nanorods, SiC nanocolumns, SiC/Si02 core-shell nanowires, SiC/Si02 core-shell nanocables and 

' nanowebs, were successfully synthesized using direct growth on Si substrates depending on the 
oxidation time, amount of activated carbon powder and growth locations on the Si substrates. 

SiOx and Si/SiOx core-shell nanowires were formed when the oxidation time was fixed at 24 
min while exposed to 05 g activated carbon powder. SiOx nanowires were formed at the growth 
temperatures of 1200 "C whereas Si/SiOx core-shell nanowires were formed at growth 
temperatures of 1300 °C. As the soaking time increased from 1 h to 4 h, the Si/SiOx core-shell 
nanowires increased in amount and length, though the change in the diameters of the nanowires 
was not significant due to constraints by the oxide layer. 

SiC nanorods and nanocolumns were successfully synthesized at 1300°C and at a soaking time 
of 1 hour while exposed to 0.5 g activated carbon powder. As the oxidation time was increased, 
an increase in the amount of nanorods and nanocolumns could be observed but ultimately led to 
agglomeration of these nanostructures into SiC clusters or SiC layers. SiC nanowires were also 
found only at an oxidatiora time of 2 min. 

When the soaking time was increased from 1 hour to 2 hours while the experiment was fixed at 
an oxidation time of 2 min, a growth temperature of 1300°C and an activated carbon powder 
amount of 0.5 g, the products changed from SiC nanorods and nanocolumns to SiC/Si02 core-shell 
nanostructures in the form of clusters, nanowires, nanocables and nanowebs. 
SiC/Si02 core-shell nanostructures in the form of clusters, nanowires, nanowebs and nanocables 
were formed along with $ide products of Si/SiOx or Si nanowires and SiC nanoparticles. When 
ACP was increased to 1.0 g ACP, the diameter ofnanowires increased but then started to decrease 
with further increase to 1.5 g ACP. The fluctuation ofthe diameters with increasing ACP amount 
was due to the increasing vapor pressure of CO produced. Addition of ACP also resulted in the 
formation of nanowebs and nanocables. 

The growth of all these Si-based nanostructures was correlated to vapor-solid mechanism 
though the reaction kinetics differed for each product formed. The difference in nanostructures 
formed at different growth locations was a result of the aerodynamic effects created by pressure 
difference between the inner crucible chamber and the outside environment, and increased reactant 
gas flow rate in the gap. 
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' 
G. COMPREHENSIVE TECHNICAL REPORT 

Laporan Teknikal Lengkap 
Applicants are required to prepare a comprehensive technical report explaining the project. 
(This report must be attached separately) 
Sila sediakan laporan teknikallengkap yang menerangkan keseluruhan projek ini. 
[Laporan ini mesti dikepilkan] 

Please refer to the attached-document. 

List the key words that reflectour research: 
Senaraikan kata kunci yang mencerminkan penye/idikan anda: 

English Bahasa Malaysia 

Si-based nanostructures Struktur nano berasaskan Si 

Chemical vapor growth Pertumbuhan secara pemeruapan kimia 
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Cubic-SiC nanowires were synthesized using activated carbon powder and Si substrate in vacuum at 1200-1350"C for 1-4 
hours. The nanowires were grown according to the following proposed mechanisms: (I) diffusion of C/CO into Si substrate, 
(2) weakening of Si bond and atomic kick-out, (3) formation of Si-C in vapor phase, ( 4) formation of saturated SiC layer, (5) 
formation of pyramid-like SiC nanostructure, and (6) formation of SiC nanowires. 

Copyright © 2009 K. Y. Cheong and Z. Lockman. This is an open access article distributed under the <:;:reative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is 
properly cited. 

1. Introduction 

SiC nanowires have gained interest in optoelectronics, high 
temperature, and high-power applications owing to their 
excellent chemical, physical, and electronic properties [1, 2]. 
Various methods have been used to grow SiC nanowires, 
which include laser ablation [3], chemical vapor deposition 
(4J, carbothermal reduction (5], and thermal evaporation 
process [6]. To explain the formation of the nanowires, 
three different mechanisms have been proposed, which 
are vapor-liquid-solid (VLS) growth mechanism [6, 7], 
solid-liquid-solid (SLS) growth mechanism [8], and vapor
solid (VS) growth mechanism [9-12], depending on the 
configuration of growth/ deposition condition and sources of 
raw materials. Most techniques involved VLS and SLS growth 
mechanisms, in which a metal catalyst droplet has been 
used as a nucleation site for adsorption of SiC vapor phase 
during the growing process ofnanowires [6-8]. However, 
the nanowires are contaminated by metal residue that is 
originated from the catalyst [13]. Therefore, some studies 
have been performed without using any catalyst. Zhang et 
aL [14] have used silica xerogel and carbon nanoparticles 
as the source materials to deposit cubic-SiC nanowires on 
alumina substrate. They were using carbothermal reduction 
process that performed at Ar ambient. Using the similar set 
up, Gundiah et al. [5] have replaced the carbon nanopartides 
and Ar gas flow with activated carbon and NH3 or H2 

gas, respectively, to produce the same product. The source 
materials are initially decomposed, reacted and deposited 
on a substrate, and then nanowires are grown, ·without 
consuming any material from the substrate. The production 
of the cubic-SiC nanowires is according to VS mechanism. 
In this paper, an alternative route to produce cubic-SiC 
nanowires is being reported. The nanowires have been grown 
simultaneously from a Si substrate using an appropriate 
amount of activated carbon powder under medium vacuum 

· and high temperature conditions. The growth mechanism of 
the nanowires is totally different from those reported in the 
literatures. 

2. Experimental 

The growth of SiC nanowires was performed in a vacuum 
furnace as schematically outlined in Figure 1. A one surface 
polished and predeaned n-type <100> oriented Si substrate 
was used as the Si source and was placed on top of a 
columniform graphite crua'ble that contained an appropri
ate amount of activated carbon powder (8.5 at % of 0 and 
91.5 at % of C). The average particle size of the activated 
carbon powder obtained from a particle size analyzer was 
13.55 pm. To bold the substrate firmly, a graphite block was 
placed on top of the substrate. The whole setup was placed in 
the middle of the vacuum furnace that had been evacuated 
down to 10m Torr (1.333 X 10-9 GaP). The furnace was then 
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~: 
Dre·sheU structure 
:anowire 

large amount ofSiO,. nanowires and Si/SiO,. core-shell nanowires on silicon wafer had been synthesized 
through carbon-assisted growth. Carbon-assisted growth was employed in this study due to the lack of 
c;ontamination from metallic catalysts and cheaper raw materials. The nanowires produced had length 
UP to 100 Jllll and diameter ranging from 20 to 40 nm. In this study, increasing the growth temperature 
(1100, 1200 and 1300 oq caused a change in the morphology of the nanoWires from SiO,. to Si/SiO,. 
tore-shell structures while increasing the soaking time of the heating profile (1, 2 and 4 h) increased the 
length of nanowires. 

,rowth mechanism 

• Introduction 

Nanostructures have been gaining worldwide interest due to 
heir small sizes that enable higher functidnality in a given space 
tnd their peculiar and fascinating properties. which make them 
tpplicable in mesoscopic research, development of nanodevices 
tnd potential application of large surfaoe area structures (1 ). 
-tanowires, which are one form of onHI.mensional nanostruc
ures, have been used as versatile building blocks in the 
niniaturization of electronic and optoelectronic devices (2). 

In this study, silicon oxide (SiO,.) nanOWires and Si/SiOx core
;hell nanowires were produced Silicon-based nanowires have 
1ttracted much attention for their intentsting semiconducting, 
nechanical and optical properties, which ¢nable them to be used 
1s one-dimensional quantum transistors, <tomposites, blue-green 
eight-emitting diodes [3,4], optical sensor JS] as well as biological 
markers and sensors [6,7]. Consequently, a great deal of effort has 
l>een made in fabricating Si-based nanowires, which include SiOx 
and the Si/SiOx core-shell structure. Several methods have been 
llSed to synthesize these Si-based nanowires. including laser 
ablation (8], sol-gel (9), thermal evaporation [3], carbothermal 
reduction {10,11], physical evaporation [12], rapid thermal 
annealing [13). chemical vapor depositfon (14] and thermal 
oXidation route (15), oxide assisted grOWth (OAG) [16,17} and 
thermal sublimation (18]. 

There had been reports using similar methods as used in our 
study [13,15,19,20}. Through improvisation of these methods, our 

*Corresponding author. Tel: +6045995259: fax: +6045941011. 
E-mail address: cheongOeng.usm.my (K.Y. Cheong). 
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method offers greater benefits in terms of lower growth 
temperature, shorter growth period, use of common raw 
materials with the absence of metal catalyst and higher purity 
of product. Previous study by Gundiah et al.(19) produced Si/SiOx 
core-shell nanowires using Si (1 0 0) wafer sputtered with carbon 
with growth temperature of 1350 oc for 3 h in an ·atmosphere of 
Ar/H2 mixture. However, in our study, the Si wafer was not 
directly exposed to the carbon source but placed inside a. crucible 
to avoid contamination of the product. The temperature involved 
in our study was also lower if compared to Gundiab et al. and only 
involved Argas as compared to Ar[H2 mixture. Chen and Ruoff 
produced SiOx nanowires and nanocoils by using a pre-oxidized 
silicon wafer of oxide thickness 230 nm without any additional 
chemicals in an atmosphere of Ar gas during temperature ramp 
up and down cycles and in Ar[H2 mixture during soaking stage 
with temperatures ranging from 900 to 1200 oc for periods of 
time ranging between 10 min and 5 h (20). Although the method 
used by Lai et al. [ 13] also involved the growth of SiO:z nanowires 
using an oxide layer on Si (1 0 0) substrate, it required the 
presence ofPt catalyst to grow the nanowires while in our study it 
was not required. The presence of metal catalyst at the tip of 
nanowires might affect the mechanical properties of nanowire 
devices. For the method used by Hli et aL [15}, although their 
steps were simple, which only involved two-step heating of 
oxidized silicon wafer, it took a long time of 5.5 h to grow the 
nanowires. Our study was able to produce nanowires in a shorter 
time as compared to them. Thus, a simple and effective method 
was developed in our study. In this study, a simple route had been 
used to produce large amount of high purity SiOx and Si/SiOx 
nanowires in Ar gas at high temperature using common starting 
materials (oxidized silicon wafer and activated carbon powder}. 

'• 
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Keywords: 

6H-SiC has been produced via catalyst-free chemical vapor growth method using Si wafer and activated 
carbon powder as the respective Si and C sources. The effects of heating temperature (1250, 1300, and 
13SO•C) and crudble height (9, 13, and 16cm) on the formation ofnanowires and nanoneedles have 
been systematically investigated. Scanning and transmission electron microscopy, X-ray diffraction (XRD). 
Raman and photoluminescence (PL) spectroscopy have been employed in this study. The reasons for the 
transformation of nanoneedles to nanowires have also been proposed. 

Nanostructures 
x-ray· diffraction 

t. Introduction 

One-dimensional SiC nanowires have received considerable 
attraction owing to their excellent optical, electrical, mechanical 
and thermal properties [1 ). They are suitable for high temperature. 
frequency, and power applications [2]. These applications include 
nanosensors and nanoscale electro-devices [3). Unique properties 
of SiC nanowires also make them useful as building blocks in the 
development of optoelectronics, biomedical engineering (4), and 
nanoelectromechanical systems [5). =esides, the superior proper
ties of SiC are prerequisites iii building devices~pable of generating 
stable emission electron current. This enables SiC nanowires to be 
used in field emission display [6). SiC nanowires are also of great 
interest for applications in natiocomposites [7-10]. They are used 
as reinforcements in ceramic matrix composites. 

Up to now, various techniques have been used to synthesize SiC 
nanowires, such chemical vapor deposition. carbothermal reduc
tion, direct heating method, laser ablation; thermal evaporation, 
etc. ( 11-18]. However, most of these approaches are complex due to 
the multistep operation in the process. Besides, the usage of metal 
catalyst is required to control critical nucleation and subsequent 
elongation step of the nanowires. In early work demonstrated by 
Wenger et al .. [9] showed that homogeneous nanowires diame
ter can be controlled by the sized. of catalyst droplet. Similarly, SiC 
· nanoneedles have been synthesized via catalyst assisted thermal 
evaporation technique (19,20]. However, the usage of metal catalyst 
can lead to the present of impurities. It may hinder the application 
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of these materials due to the purity issues of the product. Approxi
mately 200 polytypes of bulk SiC have been reported (21] but most 
of the SiC nanostructures demonstrate a 3C phase [ 11-14,22). Only 
limited reports were showing 2H- [23} and R-SiC [24] nanowires. 
In order to synthesize a high purity SiC nanostructure,-catalyst-free 
chemical vapor growth method [24) has been used in this work to 
produce GH-SiC nanowires or nanoneedles. The formation of these 
nanostructures is strongly depending on heating temperature and 
crucible height and it has been reported in this paper. 

Silicon (Si) wafers were used as the substrates to growSiCnanostructures, either 
in the form ofnanowlre5 or nanoneedles, while activated caibon powder was used 
as raw materials for the carbon source. Before the synthesis, Si wafer were deaned 
using RCA cleaning procedure. Then. a pre-determined and fix amount of activated 
carbon powder (1.0027 g) (8.5 atX or 0 and 91.5 an; of C) supplied by a local manu-
facturer was plaCed inside a columniform graphite crucible. The aU.cible had a bore 
diameter of3 em and wall thickness of 1 em. The volume moment diameter of the 
activated carbon powder used was 13.55 JUI1. Next. the Si wafer was placed on top 
of the crucible and eovered with a graphite block that acted as a weight to hold the 
wafer in its place. The whole setup was th!!n put into the center of a vacuum fur
nace (Flg. 1). The furnace was then pumped down to 10-3 mTorr and heated to 1250. 
1300, or t350"C at a heating rate of ts•qmin. After achieving the temperature. Ar 
gas was pump into the furnace at a flow rate of lSOml/min.and the heating process 
was maintained for 4h before it was cooled down to room temperature (tS•C/min). 
In this experiment, three crua"ble heights (9. 13, and 16 em). which were having the 
same bore diameter and wall thickness. were used. Since the height of the contained 
activated carbon (approximately OAcm) was relatively low if compared with the 
height of the crucibles and, therefore, the influence of this height in the formation of 
nanostructures was insignificant. The synthesized products grew on the Si suilstr.lte 
were then characterized using field-emission scanning electron microscope (FESEM, 
ZEISS SUPRATM 35VP)withan energy dispersive X-ray detector(EDAX). transmission 
electrOn microscope ('IEM. Philips Tecnai 20).X-ray diffraction (XRD) system (PANa
JytlcaiX'pert PRO MRD PW3040), Raman and photoluminescence (Pl.) spectroscopy 
system Qobin Yvon HR 800 UV). 
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, Introduction 

anotechnology can be defined as the design. construction and utilization ol functional 
aterials with at least one of the dimeru~ion measured lB in nano·scale to exploit the new 
operties and phenomena developed at that scale. These nanomaterials exhibit new and 
.proved physical, chemical and biological properties, phenomena and processes due to the 
riation of wavelike properties of electrons Inside matter as the size of matter Is reduced 
d. the electrons are confined. 
nowires, one of the one-dimensional nanostructures, are wire-like structure that has 
meter less than 100 nm. Single crystal nanowlres grow along a specific axial direction 
ugh their side surfaces may not be well defined. The cross-section of the nanowlres may 
1er be round, hexagonal or polyhedron depending on the crystallography of the material 
!ber & Wang, 2007). The length of nanowires can vary from few hundred of nanometers 
rlicrometer and even millimeters. 
his chapter, we review advances of SiOx nanowires and Si/SiOx core-shell nanowires. 
1owires, which are one form of one-dimensional nanostructures, have been used as 
:atile building blocks in the miniaturization of electronic and optoelectronic devices (Li 
!., 2005}. Various materials have been synthesized in the form of nanowlres, such as 
on, gennanium, gallium nitride, gallium arsenide, and silicon carbide (Spanier, 2006). 
~. it is important to understand properties, appllcatlons and synthesis methods of the 
>Wires so as to be able to produce nanowlres with well-controlled properties and 
!Ilsions to be incorporated Into electronic devices. Here in this review, properties, 
ications and how SiO, nanowires and Si/SiO, core-shell nanowires are made are 
rssed in the following sections. Section 2 gives a brief discUSBion on the SiOx nanowires. 
Jn 3 discusses the properties that enable Si(),. nanowires to be successfully used in 
·ent applications. Section 4 gives a short review on the potential applications of SiOx 
·Nires. Section 5 reviews the different methods used to synthesize the nanowires, 
1 also includes their phenomena, techniques and mecllanism. Section 6 gives a brief 
;sian on Si/SiOx core-shell nllllowlres. Section 7 discusses the important properties of 
Jx core-shell nanowires that are linked to their potential applications. Section 8 
vs the different methods used to synthesize the core-shell nanowires. Finally, section 9 
tdes by a short summary. 

Soun:e: Nanowfreo Scion .. ond Technology, Bool< OdiiOd by: Nlcoloto Lupv, 
ISBN 878·953·76111-89-3, Pf>, 402, Foblllooy 2010, INTECH, Ctoallo, ~from ilCIYO.COM 

r 

132 Nanowfres Solence and Technology 

2. SIOx nanowlres 

Silicon oxide (SiO,) nanowires have been reported to be amorphous, where there lB no long
range order of positions of the atorns (Sood et al., 2006). SiOx may ex!st ln different ratio of 
silicon and oxygen. The atomic ratio ol silicon and oxygen in SiOx has the x value between 1 
and 2 (Zhang et al., 1999). Different methods had been used to synthesize SIO, nanowires 
though the ratio of Sl:O differed from one another but they remained in the range of 1SxS2. 
Table !lists down the values of x of the SiO, nanowlres produced using dilferent m1!thods. 

Methods 

Laser Ablation 

Chemical Vapor Deposition 

Sol-Gel Processing 

Rapid Thermal Annealing 
Ion Implantation 

Carbon-Assisted Growth 

Thermal Oxidation Route 

References 

Aharonovkh et al. (2008) 

Ni et at. {2006) 
Zheng et al. (2002) 
Zhang et al. (2006) 
Jiang et al. (2005) 
Yang eta!. (2007) 
Uang et al. (2000) 
Lai et al. (2008) 
Sood et a!. (2006) 
Zhu eta!. (1998) 

Saulig-Wenger (2003) 

Hu et al. (2003) 

xvaiue in SiD, 

l<x<2 
2 

2 
1.3 

1.2 

1.8-2.1 

1.4 

1:2 

l<x<2 
1<x<2 

2 

2 

Table 1. List of Si:O ratio of the silicon oxide nanow!res produced using different methods. 

3. Properties of SIOx nanowlres 

Since dimensionality alters the properties of a structure as the dimension decreases, it is 
then important to understand the properties of SiOx nanostructures so as to enable the 
exploitation of these materials for new applications. Some of these properties are 
summarized In the Table 2. 

Properties 
Young's Modulus 

Electrical 

Fermi level 

V4lue 
57-93GPa 

Varies according to number of Si-0 banda (changes from 
metallic to insulating as number of bonds Increase) 

·3 eV to -7 eV (more positive as number of Si.O chain 
increases) 

PL band energies 1.9-4.3 eV 

Table 2. Properties of SiOx nanowlres (Wei eta!., 2006, Jln etal., 2008, Ni et al., 2006 and 
Bilalbegovic, 2006). -

3.1 Optical properties of SIO,. nanowlres 
Various SiC:! glasses and nanowlres have different photoluminesence (PL) energy peaks 
ranging from 1.9·to 4.3 eV according to Wei eta!. (2006). From the study performed by Jin et 
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PERKEMBANGAN NAN OW A YAR Si/SiOx DAN SiOx UNTUK 
APLIKASI ALAT ELEKTRONIK NANO 

ABSTRAK 

Struktur-struktur nano berasaskan silikon telah berjaya dihasilkan oleh pertumbuhan 

atas substrat silikon secara langsung dengan menggunakan wafer silikon dan serbuk 

karbon aktif sebagai bahan mentah. Nanowayar SiOx dan Si/SiOx dihasilkan oleh 

gabungan pertumbuhan dengan bantuan karbon dan oksida melalui mekanisma wap-

pepejal apabila masa pengoksidaan adalah 24 minit dan masa rendaman adalah1 jam. 

Nanowayar SiOx disintesiskan pada suhu pertumbuhan 1200°C sementara nanowayar 

Si/SiOx disintesiskan pada suhu pertumbuhan 1300°C. Apabila masa pengoksidaan 

kurang daripada 12 minit, hanya struktur nano SiC dihasilkan. Nanorod dan nanotiang 

dihasilkan pada masa rendaman 1 jam. Diameter dan jumlah struktur-struktur nano ini 

susut apabila masa pengoksidaan jatuh daripada 12 minit kepada 1 minit. Nanorod SiC 

dijumpai pada tengah substrat manakala nanotiang dijumpai pada tep substrat silikon. 

Struktumya tukar kepada nanowayar SiC/Si02 apabila masa rendaman dina~kkan 

kepada 2 jam. Struktur-struktur nano baru seperti nanokabel dan nanosarang dihasilkan 

bergantung pada lokasi pertumbuhan atas substrat silikon. Diameter nanokabel dan 

nanosarang susut apabila jumlah serbuk karbon aktif bertambah. Pembentukan 

nanokabel dan nanosarang adalah disebabkan oleh kesan aerodinamik kerana perbezaan 

tekanan di dalam dan luar mangkuk pijar. Pertumbuhan struktur-struktur nano SiC ini 

adalah melalui mekanisma wap-pepejal. 

xi 



DEVELOPMENT OF SI/SIOx CORE-SHELL STRUCTURED 
NANOWIRE AND SIOx NANOWIRE FOR NANOELECTRONIC 

DEVICE APPLICATIONS 

ABSTRACT 

Si-based naoostructures were successfully synthesized through the method of direct 

growth on silicon substrates using only silicon wafers and activated carbon powder as 

sources. SiOx and Si/SiOx core-shell nanowires were produced through combination of 

carbon-assisted growth and oxide-assisted growth via vapour-solid mechanism when 

the oxidation time was 24 minutes at a soaking time of 1 hour. SiOx nanowires were 

formed at 1200°C while Si/SiOx core-shell nanowires were formed at 1300°C. When 

the oxidation time was reduced to below 12 minutes, SiC nanostructures were mainly 

formed. SiC nanorods and nanocolumns were formed at a soaking time of 1 hour, with 

decreasing diameter and amount with decreasing oxidation time from 12 minutes to 1 

minute. SiC nanorods were formed at the center while SiC nanocolumns were formed 

at the side of silicon substrates. The structure changed from SiC nanorods and 

nanocolumns to SiC/Si02 core-shell nanowires when the soaking time was increased 

from 1 hour to 2 hours. New nanostructures of SiC/Si02 core-shell nanocables and 

nanowebs were formed depending on the growth locations on the silicon substrates 

when the activated carbon powder was added. The nanocables and nanowebs decreased 

in diameter with increasing amount of activated carbon powder. The formation ofthese 

nanocables and nanocables was a result of aerodynamic effects due to the pressure 

difference inside and outside of the crucible. The growth of these SiC nanostructures 

was correlated to the vapour-solid mechanism. 

xii 



CHAPTER! 

INTRODUCTION 

1.1 Introduction 

Nanostructures have been gaining worldwide interest due to their small sizes that 

enable higher functionality in a given space and their peculiar and fascinating 

properties, which make them applicable in mesoscopic research, the development of 

nanodevices, and the potential application of large surface area structures (Xia et al., 

2003). Interest in low-dimensional systems especially one-dimensional (lD) structures, 

such as nanotubes, nanowires and nanorods have caused the development of a variety 

of material in nanoscale. 

Nanowires, which are one form of one-dimensional nanostructures, have been used as 

versatile building blocks in the miniaturization of electronic and optoelectronic devices 

(Li et al., 2006). Various materials have been synthesized in the form of nanowires, 

such as silicon, germanium, gallium nitride, gallium arsenide, and silicon carbide 

(Spanier, 2006). 

In this study, silicon-based nanostructures, which include SiOx nanowires, Si/SiOx 

core-shell nanowires, SiC nanorods, SiC nanocolumns, SiC/Si02 nanowires, SiC/Si02 

nanocables and SiC/Si02 nanowebs, have been produced. Silicon-based nanostructures 

have attracted much attention for their interesting semiconducting properties, 

mechanical properties, optical properties and their potential applications in mesoscopic 

research and nanodevices, such as one-dimensional quantum transistors, composites, 

light-emitting diodes (Pan et al., 2001b), high temperature, high frequency, high power 

1 



applications (Shen et al., 2003), nanosensors and nanoscale electro-devices (Wei et al., 

2002), biomedical applications (Fan et al., 2006b) and nanoelectromechanical systems 

(NEMS) (Choi et al., 2004). Consequently, a great deal of effort has been made in 

fabricating Si-based nanostructures. 

Several methods have been used to synthesize silicon-based nanostructures, including 

laser ablation (Yu et al., 1998, Seeger et al., 2000), sol-gel (Liang et al., 2000b, Meng 

et al., 2000), thermal evaporation (Wei et al., 2006), carbothermal reduction (Shi et al., 

2000b, Wu et al., 2001), rapid thermal annealing (Lai et al., 2008), chemical vapour 

deposition (CVD) (Zhou et al., 1999a, Mamails et al., 2004a, Zhang et al., 2006) and 

thermal oxidation route (Hu et al., 2003). However, these methods are somewhat 

expensive and complicated (Zhang et al., 2000a). Inability to control chemistry in the 

synthesized nanostructures is also evident. The nanowires produced by some of the 

methods above are either covered with silica layer or contaminated with metal catalyst. 

1.2 Problem Statement 

Nanowires have been synthesized through a senes of methods, ranging from 

nanolithographic techniques, such as electron beam or focused-ion beam (FIB) writing 

(Nagarajan et al., 2006) to chemical synthesis method consisting of chemical vapor 

deposition or thermal evaporation (Law et al., 2004). However, the advancement in 

this field is hindered due to difficulties arising from the aspects of the synthesis of these 

nanowires with well-controlled dimensions, morphology, phase purity and chemical 

composition. It was found from extensive reports that it is difficult to produce very 

long nanowires that can be easily integrated and manipulated post-synthesis through 

simple methods. Another challenge was the need to organize the nanostructures in 
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aligned patterns, and in high densities for use in industrial applications (Xia et al., 

2003). 

For the case of the synthesis of Si-based nanostructures, many techniques have been 

used to synthesize them with each of these methods having their own advantages and 

disadvantages. One of the limiting factors that were considered was the toxicity of the 

chemicals used in the synthesis process. For example, in the standard vapor-liquid

solid (VLS) growth via a chemical vapor deposition (CVD) process (Sekhar et al., 

2006), it required the use of toxic and dangerous gases such as silane. These chemicals 

used were also very expensive in the CVD process. There are also methods that require 

metal catalyst that would contaminate the nanowires formed, which used Au catalyst in 

a CVD process (Yao et al., 2005, Colli et al., 2006). The metal catalyst would act as 

impurities and degrade the mechanical properties of devices formed using these 

nanowires. 

Thus, it is desirable that a simple and effective method can be developed so as to 

overcome the problems presented by the methods currently available to produce Si

based nanostructures. 

1.3 Research Objectives 

The objectives ofthis study are:-

1. To synthesize Si-based nanostructures by direct growth on silicon substrates. 

2. To investigate the effects of growth temperature (1100°C - 1300°C) and 

soaking time (1 hour, 2 hours and 4 hours) when the oxidation time was fixed at 

24 minutes and exposed to 0.5 g activated carbon powder. 

3 



3. To investigate the effects of oxidation time (1 min, 2 min, 8 min, 12 min and24 

min) on the Si-based nanostructure growth at 1300°C and a soaking time of 1 

hour while exposed to 0.5 g activated carbon powder. 

4. To investigate the effects of soaking time (1 and 2 hours) on the growth of Si

based nanostructures at oxidation time of 2 min and growth temperature of 

1300°C while exposed to 0.5 g activated carbon powder. 

5. To investigate the effects of the amount of activated carbon powder (0 g, 0.5 g, 

1.0 g and 1.5 g) on the growth of Si-based nanostructures at 1300°C and 

oxidation time of 2 min. 

1.4 Scope of Project 

In this study, Si-based nanostructures were synthesized using a modified CVD 

approach, conducted in a vacuum sintering furnace. This synthesis method involved a 

silicon wafer first subjected to thermal oxidation for a certain period (1 min, 2 min, 8 

min, 12 min and 24 min) to introduce a thin oxide layer, followed by heating under Ar 

flow at certain growth temperature (1100°C- 1300°C) for 1 to 2 hours while exposed 

to different amounts of activated carbon powder (0 g, 0.5 g, 1.0 g and 1.5 g). The 

nanostructures produced were then subjected to characterization by field-emission 

scanning electron microscope (FESEM, LEO GEMINI) equipped with an energy 

dispersive X-ray spectrometer (EDS, ZEISS SUPRA ™ 35VP), an energy-filtered 

transmission electron microscope (EFTEM, ZEISS LIBRA 120) equipped with an 

electron spectroscopic imaging (ESI), high-resolution transmission electron microscope 

(HRTEM, Philips Tecnai 20) and X-ray diffraction (XRD, Bruker D8). 
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2.1 Introduction 

CHAPTER2 

LITERATURE REVIEW 

In this chapter, a brief background on the structures, properties and general synthesis 

routes of Si-based nanostructures especially for silicon carbide (SiC) and silica (Si02) 

will be described. Since two synthesis routes of direct growth on Si substrates and 

pyrolysis of biomass have been used, previous studies similar to these methods will 

also be reviewed in terms of the processes and the effects of the different parameters in 

the following sections. 

2.2 Si-Based Nanostructures 

2.2.1 Nanostructures 

A nanostructured material can be defined as a material whose composition is modulated 

over nanometer range from 1 nm to 100 nm. They can be classified into zero, one and 

two dimensionalities based on geometrical shapes (Cao, 2004). 

Zero-dimensional (OD) nanostructures are materials in which all three dimensions are 

in nanometer scale such as nanoparticles, nanospheres and nanoclusters and they have 

been widely studied for their potential applications as multifunctional nanoparticle 

probe (Cao, 2004). One-dimensional (ID) nanostructures are materials in which two of 

their dimensions are in nanometer scale. Variety of names has been given to 1 D 

nanostructures depending on their shapes and sizes such as whiskers, fibers, nanorods 

and nanowires. Nanowires and nanorods are actually similar to whiskers and fibers 

respectively. They only differ in terms ofthe diameters of the product. Whiskers and 
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nanowires both have very high aspect ratio, i.e. ratio of length to diameter is more than 

1 0 but the diameter range of whiskers is in the range of 1 00 nm to 1 0000 nm while the 

diameter range of nanowires is in the range of 1 nm to 100 nm (Narciso-Romero and 

Rodriguez-Reinoso, 1996, Weaver, 1989). Fibers and nanorods both have aspect ratio 

of less than 10 but the diameter range of fibers is in the range of 100 nm to 10000 nm 

while the diameter range of nanorods is in the range of 1 nm to 100 nm (Narciso

Romero and Rodriguez-Reinoso, 1996). 1D nanostructures are known to exhibit 

quantum confinement effect like OD nanostructures but for lD nanostructures, the 

charge carriers can only travel in one direction along the wire. Thus, making them 

useful as interconnects and critical devices in nano-electronic and nano-optoelectronic 

applications (Cao, 2004). Two-dimensional (2D) nanostructures are materials having 

nanometer dimension perpendicular to the layer plane such as thin film and nanoporous 

materials. The charge carriers in these 2D nanostructures are limited to the direction 

perpendicular to the layer and can move freely in the layer plane. These 2D 

nanostructures especially nanoporous materials have been studied for their applications 

in biosensors, nanophotonics and nano-electronic applications. 

2.2.2 Silicon Carbide (SiC) 

SiC was first discovered accidentally when a Swedish scientist, John Jacob Berzelius 

was trying to synthesize diamond in 1824 (Zimmermann, 19 December 2000). It was 

then largely manufactured when Cowless (1885) and Acheson (1892) found that the 

hard and stable compound was suitable for grinding and cutting purposes and Acheson 

developed am industrial method which involved carbothermal reduction of silica sand 

with green petroleum coke at temperature of2400°C (Sudarshan, 2006). 
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SiC is a covalently-bonded IV-IV compound with alternating layers of silicon (Si) and 

carbon (C). The carbon atom is linked to three Si atoms in a tetrahedral structure 

within the bilayer and has a single bond linked to a Si atom in the layer below, as 

shown in Figure 2.1. The bond length ofthe nearest neighbour is approximately 1.89 A 

and the closest distance between two atoms of the same species in the SiC lattice is 

approximately 3.08 A (Zhou et al., 2008). 

• Catom 

Si atom 

Figure 2.1: Tetrahedral bonding of a C atom with its four nearest Si atoms. 

SiC has almost 200 different po1ytypes due to its different periodic stacking faults as a 

result of alternate layer arrangement. The most common polytypes are cubic 3C, 

hexagonal 4H and 6H, as well as rhomboheral 15R, which are differentiated by the 

repeated stacking sequences of the biatom layers of SiC structure, as shown in Figure 

2.2 (Sudarshan, 2006). A, B, C in the figure represent the position of the lattice site of 

SiC without changing the tetrahedral bonding of the Si-C bilayer. 3C-SiC is also 

referred as 13-SiC whereas the other polytypes are referred as a-SiC. 13-SiC can be 

considered as a low-temperature polytype since it is easier to nucleate and grow while 

a-SiC is considered as high-temperature polytype that needs relatively high 

temperatures to grow. 
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Figure 2.2: Stacking sequence of double layers of 3C, 4H, 6H and 15R-SiC (Sudarshan, 
2006). 

SiC materials are extremely hard, inert, have wide band gap, high breakdown field 

strength, high saturation electron drift velocity and depending on doping, the material 

can be made transparent to optical wavelengths. Table 2.1 shows some of the 

important properties at room temperature for different polytypes of bulk SiC as well as 

SiC nanowires (Wang et al., 2012, Chen et al., 2010, Fan et al., 2006a, Powell and 

Rowland, 2002, Ryu et al., 2005, Shen et al., 2006, Wong et al., 1997, Yan et al., 2006, 

Zhou et al., 2006a). 

Table 2.1: Properties for different polytypes of SiC and SiC nanowires at room 
temperature. 

Properties 3C-SiC 4H-SiC 6H-SiC 3C-SiC nanowires 
(bulk) (bulk) (bulk) (depending on diameter, 

D) 
Carrier ~1000 ~to-' ~10-;) 0.82- 1.76 X 10' at Vds = 
Concentration (Zhou et al., 0.01 and 0.05V (Zhou et 
(em-~ 2006a) al., 2006a) 
Energy Gap 2.4 (Yan et 3.2 (Powell 3.0 (Powell 4.42-3.31 eV forD= 
(eV) al., 2006) and and 0.61-0.92 nm (Yan et 

Rowland, Rowland, al., 2006) 
2002) 2002) 

Carrier 1.5 3.2 3.0 6.4- 15.9 when vds = 
Mobility 0.01 - 0.05 V (Zhou et al., 
(cm2N.s) 2006a) 
Tum On N/A N/A N/A 4.0 (Ryu et al., 2005) 
Field, Eto For bamboo-like 
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(V J.Ull-1) nanowires, 10.1 at 
emission current of 10 
J.l.Am-1 (Shen et al., 2006) 
5 and 8.5 at 10 J.l.Am-1 

and 10 mAm"1 (Fan et al., 
2006a) 
2.1 at current density of 
10 J.l.Am-2 (Chen et al., 
2010) 

Tensile NIA N/A NIA 51.5 forD= 0.61 nm 
Strength (Y an et al., 2006) 
(GPa) 53.4 forD= 21.5- 23.0 

nm (Wong et al., 1997) 
33.4 forD= ~5 nm 
(Wang et al., 2012) 
12.4 for SiC/Si02 
nanowires with D =5 nm 
with oxide thickness = 1 
nm __(Wang et al., 2012) 

From Table 2.1, it can be observed that there is a change in the properties of SiC when 

its size is reduced to nanometer range. When materials are reduced to nanometer range, 

it allows the realization of miniaturized devices and systems while providing more 

functionalities, attainment of high surface area to volume and manifestation of new 

properties due to quantum confinement effect. 

In some cases, the SiC nanostructures were observed to be covered with a layer of 

amorphous Si02 with thickness up to half of the diameter of the SiC cores (10 - 30 

nm), forming SiC/Si02 core-shell nanostructures (Du et al., 2007, Kang et al., 2011, 

Kim et al., 2009, Liao et al., 2011, Lopez-Camacho et al., 2008, Niu and Wang, 2007a, 

Wang et al., 2007, Yang et al., 2009). The presence of an oxide layer had been 

reported to act as a protective layer against corrosion without affecting the mechanical 

properties, making them suitable for use as reinforcement in composites. The presence 

of the oxide layer was also found to enhance the electron emission properties. The 

improvement in the field emission properties of the core-shell structures, especially in 
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nanowires as compared to conventional SiC nanowires was suggested to be a result of 

three reasons (Wang et al., 2007). Firstly, high density nanowires had more efficient 

electron emitting sites, leading to better field emission properties. The wide band-gap 

Si02 shell layer was reported to have a small electron affinity (0.6 - 0.8 eV) that could 

enhance the field emission of SiC emitters. Finally, the geometry of the core-shell 

nanowires . with high aspect ratio also enhanced the field emission properties by 

improving the ability of the emitters in controlling the local electric field at the tips. 

However, there were also some disadvantages of the presence of the oxide shell. The 

thick oxide shell reduced the electronic conductivity between the nanowires and their 

contacting electrodes (Li et al., 2002). Aside from that, the different lattice structures 

of SiC and Si02 created thermal stress in the as-synthesized nanostructures due to 

uneven shrinkage (Li et al., 2002). 

2.2.2 Silica (Si02) 

Silica is an oxide of silicon with the formula with the chemical formula Si02• It is most 

commonly found in nature as sand or quartz. The basic building block of the silica 

molecule consists of a tetrahedral coordination of silica, whereby four oxygen atoms 

surrounds a central Si atom, as shown in Figure 2.3. The four oxygen atoms in the Si04 

tetrahedral are shared with other tetrahedral in order to obtain a thermodynamically 

stable form of silica, yielding the net formula of Si02• 
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Figure 2.3: Tetrahedral bonding of a Si atom with its four nearest 0 atoms. 

Si02 exist in amorphous form as well as in a number of crystalline forms. The 

crystalline forms involve tetrahedral Si04 units linked together by shared 0 2 in 

different Si-0 bond lengths and Si-0-Si angles, which result in various polymorphs 

with the common ones being a-quartz, f3-quartz, tridymite and cristobalite. a-quartz is 

the only stable crystalline form under normal conditions and it is the Si02 form that is 

usually encountered. The difference between the crystalline and amorphous forms of 

Si02 arises in the connectivity of these Si04 tetrahedral units. The amorphous form 

consists of a non-repeating network of tetrahedra, where all oxygen atom corners 

connect two neighbouring tetrahedra. 

Silica is best known for its hardness and inertness. In electronic field, bulk silica is also 

known as an electric insulator with high chemical stability but when the size is reduced 

to nanoscale, new properties manifest and the properties of the Si02 nanostructures are 

shown in Table 2.2 (Pang et al., 2011, Al-Ruqeishi et al., 2011, Bilalbegovic, 2006, Jin 

et al., 2008, Ni et al., 2006). 

Table 2.2: Properties ofSi02 nanowires at room temperature. 

Properties Value 

Young's Modulus 57 - 93 GPa (Ni et al., 2006) 

Electrical Varies according to number of Si-0 bonds (changes from 
conductivity metallic to insulating as number of bond increases) 

(Bilalbegovic, 2006) 
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Fermi level -3 eV to -7 eV (more positive as number of Si-0 chain 
increases) (Bilalbegovic, 2006) 

PL band energies 1.9- 4.3 eV (Jin et al., 2008, Al-Ruqeishi et al., 2011, Pang et 
al., 2011) 

2.2.3 Synthesis of Si-Based Nanostructures 

Due to the unique properties of Si-based nanostructures, many techniques, including 

top-down and bottom-up approaches, have been developed and applied in the synthesis 

of Si-based nanostructures (V aseastha, 2005). The most common methods being 

chemical vapor deposition (CVD) (Yang et al., 2005, Yang et al., 2004, Ying et al., 

2004, Mamails et al., 2004b, Chio et al., 2004, Zhang et al., 2001 ), thermal evaporation 

(Yang et al., 2008b, Zhou et al., 1999b, Li et al., 2003) and carbothermal reduction 

(Meng et al., 2000, Liang et al., 2000a, Xu et al., 2006). Although these methods are 

able to produce the nanostructures at lower temperatures and with smaller sizes, these 

methods have their own problems as compiled by Zhou et al. (2008) in Table 2.3. 

Table 2.3: Comparison of several synthesis methods of Si-based nanostructures (Zhou 
et al., 2008). 

Synthesized Yield Cost Temperature Diameter Catalyst 
methods (OC) (nm) 

Carbon-nanotube Low Higher 1,400 20-25 No 
confined reaction 
Arc discharge Higher Low 3,000 20-60 Yes 
Laser ablation High High 900 20-70 Yes 
Sol-gel and Higher Lower 900 40-80 No 
carbothermal 
reduction 
Chemical va~por Higher Higher 1,100 10-100 Yes 
deposition 
method 
High-frequency Higher Lower 1,450 5-20 No 
induction heating 
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The methods listed in Table 2.3, aside from laser ablation and sol-gel method, all 

required high temperatures, which posed a problem in the commercialization of these 

methods in producing Si-based nanostructures as a result of the high cost incurred. 

Although laser ablation and sol-gel method could be performed at lower temperatures, 

the systems are complex and require expensive raw materials and these contributed to 

high production cost (Narciso-Romero and Rodriguez-Reinoso, 1996). Here, direct 

growth on Si substrate has been studied in the growth of Si-based nanostructures, 

namely direct growth on Si substrate and pyrolysis of biomass. Several techniques 

have been used in the direct growth route, which include CVD and carbothermal 

reduction. 

2.3 Direct Growth of Si-Based Nanostructures on Si Substrate 

The direct growth method involved the growth of Si-based nanostructures using only Si 

substrate on the Si substrate without using any external source except for carbon 

sources in the synthesis of SiC nanostructures. The ability to grow these nanostructures 

directly on Si substrate offered the possibility of direct integration of these 

nanostructures for electronic device building. This attracted various researches being 

performed on it. From previous works, it was found that different types of products 

were formed such as SiC nanorods or nanowires, core-shell SiC/Si02 nanowires, core

shell SiC/a-C nanowires, Si02 nanowires and carbon nanotubes using this method 

under different parameters. The effects of these parameters such as starting materials, 

growth temperature, catalyst, furnace atmosphere and cooling rate will be described in 

the following subsections. 
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2.3.1 Effect of Starting Materials 

2.3.1.1 Si source 

Si wafer is a good alternative in producing Si-based nanostructures as it acts as a Si 

source and simultaneously as a substrate in collecting the nanostructures without 

requiring additional Si sources. In addition, by controlling certain parameters, it is 

possible to control the growth location of nanostructures on the Si wafer, enabling 

selective patterning for electronic device building. 

Introduction of a thin silicon oxide (SiOx) layer on the Si substrate by either thermal 

oxidation (Jeong et al., 2008, Park et al., 2007) or thermal evaporation using SiO 

powder (Li et al., 2002) had been found to enhance the growth of Si-based 

nanostructures. Different thicknesses of the oxide layer would lead to different 

nanostructures formed. Thin layers of oxide ( < 150 nm) were found to be beneficial for 

the growth of SiC nanostructures (Li et al., 2002) while thick layers of oxide (500 nm) 

were found to be more suitable for growth of Si02 nanostructures (Jeong et al., 2008). 

However, if the oxide layer was too thick {> 3 J..Lm), it would inhibit the growth of Si

based nanostructures (Park et al., 2007). SiC nanowires were found growing on the 

bare Si substrate while no nanostructures were found in regions grown with 3 J..liD Si02• 

Presence of defects had also been reported to have a large influence on the growth of 

Si-based nanostructures on the Si substrate. The defects were introduced on the Si 

substrate surface by mechanical scratching (Liao et al., 2011) or etching (Park et al., 

2007). They acted as nucleation sites and promoted the growth of nanostructures, 

especially on the [Ill] planes exposed by the grooves or ledges created by the defects 

due to their lowest surface energies. This resulted in higher amount of SiC nanowires 
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with average diameter of 30 nrn and length of tens of J.liil being found in the scratched 

regions as opposed to the unscratched regions (Liao et al., 2011). 

Placement of Si substrate in the experimental setup is another important factor in the 

synthesis of Si-based nanostructures using direct growth method. It was found that SiC 

nanostructures were found only if the Si substrate was placed downstream from the 

carbon source in order for the carbon species to be deposited onto the Si substrate (Al

Ruqeishi et al., 2010, Baek et al., 2006). The distance between the carbon source and 

the Si source also affected the morphologies of the nanostructures formed. Al-Ruqeishi 

et al. (2010) reported the growth of P-SiC nanowires by exposing the silicon substrate 

to graphite powder that was placed upstream of the tube furnace. Different Si 

substrates were placed at certain distances from graphite source and its effects were 

studied. High yield of P-SiC nanowires formed at locations near the graphite source 

with the maximum yield at a distance of 2 ern and 4 ern. The yield started to decrease 

with increasing distance. At the location far from the graphite source (1 0 ern), SiC 

nanowires were only found at the edges of the Si substrates where defects such as 

grooves and ledges existed. The nanowires on the Si substrate at locations near the 

graphite source were also reported to have larger diameters with the diameter range of 

40 nrn to 500 nrn. The reason for the higher yield and larger diameters at locations 

close to the graphite powder was because of the higher reactant species available at 

these regions that allowed continuous growth of nanowires. 

2.3.1.2 Carbon Source 

Different forms of carbon source had been reported in the growth of SiC nanostructures 

using direct growth on Si substrate. The Si substrate was either exposed to solid carbon 

that were placed upstream of the Si substrate such as carbon powder (Baek et al., 2006, 
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Niu and Wang, 2007b, Ryu et al., 2004, Wang et al., 2007), graphite (Al-Ruqeishi et 

al., 2010, Li et al., 2002), detonation soot powders (Yang et al., 2009) and charcoal 

powders (Duet al., 2007) or gaseous form of carbon such as ethanol (Kim et al., 2009, 

Yang et al., 2008a), methane (Liao et al., 2011, Lopez-Camacho et al., 2008, Panda and 

Jacob, 2009), ferrocene (Niu and Wang, 2007a), carbon monoxide (CO) (Attolini et al., 

2008) and hexamethyldisilane (HMOS) (Panda et al., 2010). The gaseous carbon 

source was found to require lower growth temperatures of 1 000°C - 11 00°C as 

compared to the solid carbon source with growth temperatures ranging from 1200°C-

1500°C (Kim et al., 2009, Lopez-Camacho et al., 2008). Growth using solid carbon 

might require a higher growth temperature due to the need to decompose the solid 

carbon first in order to form gaseous carbon species. 

The concentration of the carbon source was found to play an important role as well in 

determining the final structures of the products. Different products from SiC/Si02 

core-shell nooowires to SiC/C core-shell nanowires or carbon nanotubes were reported 

when the methane concentration was increased. Liao et al. (2011) reported the growth 

using catalyst-assisted chemical vapour reaction by exposing the Si substrate to 

ferrocene and methane under H2 flow at 11 00°C for 10 min. The ferrocene acted as the 

catalyst, producing Fe particles that deposited onto the Si substrate surface. At 

methane concentrations less than 5%, only SiC/Si02 core-shell nanowires were formed 

as opposed to carbon nanotubes that were formed at methane concentrations more than 

5%. The reason for different products formed was related to the different catalyst 

particles formed. When heated at high temperature, decomposition of ferrocene and 

methane occurred. If methane concentration was low, the Fe particles would deposit on 

the Si substrate and diffused into the Si02 layer to the interface between Si02 and Si in 

order to form iron silicide (FeSi) that would later induced the growth of SiC/Si02 core-
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shell nanowires. When the methane concentration was more than 5%, the carbon 

species would also deposit onto the Si substrate surface and diffused through the Si02 

layer to the interface between Si02 and Si. Instead of FeSi, iron carbide was formed 

and induced the growth of carbon nanotubes. 

There was also another on the effect of methane concentration (Lopez-Camacho et al., 

2009b ). In their chemical vapour deposition (CVD) method, they exposed the Ni

coated substrates to methane under H2 at 950°C for 10 min. They found that SiC/Si02 

core-shell nanowires were formed when the methane concentration was between 12% 

and 45% but when the methane concentration was further increased to concentrations 

between 59% and 75%, SiC/a-C core-shell nanowires was formed instead, whereby the 

SiC nanowires were encapsulated by an amorphous carbon layer. The evolution of the 

nanostructures from SiC/Si02 to SiC/a-C when methane concentration was increased 

had been reported to be a result of the change in the growth mechanism from vapour

liquid-solid (VLS) to solid-liquid-solid (SLS). When carbon concentration was 

increased further, a layer of carbon would be deposited onto the Si substrate and this C 

layer would hinder the VLS mechanism between SiO, C and Ni nuclei. The Si source 

would have to diffuse through the solid surface into the Ni and reacted with the C layer. 

Since the nuclei was surrounded by the C layer, Si02 shell could not be formed when 

the SiC nanowires precipitated out from the nuclei but instead be encapsulated by the 

amorphous C layer. 

2.3.2 Effect of Growth Temperature 

The growth temperature is another important parameter in the synthesis of Si-based 

nanostructures. It was found to be highly dependent on the source materials, ambient 

and incorporation of catalyst, which will be described in their respective sections. The 
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normal growth temperature using direct growth method in synthesizing Si-based 

nanostructures ranged from 1100°C- 1550°C. The growth temperature was also found 

to affect the morphologies and yield. An increase in growth temperature from 1050°C 

to 11 00°C led to a change of structure from nanowires with diameters less than 80 nm 

to rods with diameters of 2 Jlii1 (Attolini et al., 2008). An increase in the growth 

temperature from 900°C to 11 oooc was also reported to cause a change in the product 

from carbon nanotubes to SiC/Si02 core-shell nanowires when the Si substrate was 

exposed to methane and ferrocene was used as catalyst source (Liao et al., 2011 ). 

2.3.3 Effed of Catalyst 

Addition of catalyst in the system was also found to have an effect on the growth of Si

based nanostructures. Catalysts could be defined as substances that were added into the 

system to change the rate of reaction by participating in the multiple chemical 

transformations. It promoted the growth of nanostructures by lowering the free energy 

of activation through different routes of chemical reactions, enabling the growth of 

nanostructures to proceed at lower temperatures with higher yield. Growth of Si-based 

nanostructures had been reported to be possible at lower temperatures of 950°C to 

11 00°C when catalysts were incorporated into the system (Lopez-Camacho et al., 

2009a, Wang et al., 2007) as compared to systems without catalysts with the normal 

growth temperature range of 1200°C-1550°C (Niu and Wang, 2007a). However, the 

metal catalysts that remained on the nanostructures were also considered as impurities 

that limited the applications of these nanostructures (Kang et al., 2011). 

Here, various types of catalysts had been used such as Ni(N03) 2 (Al-Ruqeishi et al., 

2010, Attolini et al., 2008, Kim et al., 2009, Ryu et al., 2004), Cr (Li et al., 2002), Ni 

(Lopez-Camacho et al., 2008), Fe from ferrocene (Liao et al., 2011, Niu and Wang, 
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2007a), Fe304 (Wang et al., 2007), W03 (Baek et al., 2006, Ryu et al., 2004) and ZnS 

(Niu and Wang, 2009). The catalysts were introduced into the system by dipping the Si 

substrate into an ethanol solution containing the catalysts (Al-Ruqeishi et al., 2010, 

Attolini et al., 2008), placing the catalyst powder upstream from the Si substrate (Liao 

et al., 2011, Niu and Wang, 2007a) or by sputtering a layer of catalyst on the Si 

substrate surface (Lopez-Camacho et al., 2008). 

When using catalysts in the growth of Si-based nanostructures, the mechanism had 

always been correlated to the VLS mechanism, whereby the metal catalyst particles 

formed metal silicide and acted as nuclei which absorbed the reactant species from 

surrounding gases. Upon supersaturation, the nanostructures would precipitate out (Al

Ruqeishi et al., 2010, Attolini et al., 2008, Kim et al., 2009, Lopez-Camacho et al., 

2008, Ryu et al., 2004). Nanostructures grown using catalysts under VLS mechanism 

had also been noted with metallic droplets on the tips of the nanostructures though in 

some cases, the metallic droplets were found at the base of the nanostructures and this 

growth mechanism was named as base-growth mechanism (Li et al., 2002, Liao et al., 

2011, Niu and Wang, 2007a). 

In some cases, the catalyst particles only initiated the decomposition process of silicon 

and carbon source so as to enhance the reaction rate such as ZnS (Niu and Wang, 2009) 

and W03 (Baek et al., 2006, Ryu et al., 2004). Upon completion of process, the 

catalyst particles would have been evaporated without having any effects on the 

nanostructures formed. Niu and Wang (2009) evaporated ZnS powder on Si substrate. 

The use of sulfide was very important in the growth of nanowires. The Si vapor 

evaporated from Si substrate reacted with vapor phase of S or S02 from ZnS forming 

SiS vapor. Si then precipitated out from SiS and formed nucleus for the growth of 
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nanostructures. In the case of W03, it was used to provide CO source through 

carbothermal reduction ofWOJ. 

2.3.4 Effect of Furnace Atmosphere 

The atmosphere inside the furnace during the synthesis process was also found to affect 

the growth kinetics of the nanostructures. The atmosphere inside the furnace was 

introduced for several reasons, either to provide an inert atmosphere to remove 

unwanted species, to provide a reductive atmosphere for carbothermal reduction or to 

act as carrier gas for the reactant species. The functions of different atmospheres would 

be described in the following parts. 

A low partial pressure of oxygen (02) in the furnace atmosphere was found to be 

beneficial in the growth of SiC nanostructures but if the partial pressure of 0 2 was too 

high, it would inhibit SiC growth and favored the growth of Si02 nanostructures (Duet 

al., 2007). The growth of nanostructures under 0 2 was related to the oxide-assisted 

growth (OAG) mechanism (Zhang et al., 2003), whereby the 0 2 played an important 

role in the formation of Si02 or SiC. 02 would react with Si, forming SiO species that 

later transformed into SiC or Si02 species depending on the partial pressure. 

Argon (Ar) was commonly used in the synthesis process as a carrier gas for the reactant 

species (Li et al., 2002). It was also used to provide an inert atmosphere in the furnace 

chamber (Li et al., 2002, Yang et al., 2008a). Ar was introduced into the furnace in 

order to remove unwanted species and stabilize the Ni catalysts deposited on the Si 

substrate surfaces, preventing the oxidation of the catalyst particles that would hinder 

the functions of catalysts (Lopez-Camacho et al., 2008, Lopez-Camacho et al., 2009a). 

However, it was reported that Ar had lower efficiency in removing 0 2. Residual 0 2 
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still existed in the furnace chamber and would lead to preferential growth of Si02 

nanowires (Lopez-Camacho et al., 2008). The flow rate of the Ar gas must also be 

controlled in growing the nanostructures. When synthesizing SiC nanostructures, the 

carbon source had to dissociate into CO species in order for SiC formation reactions to 

take place. If the Ar flow was too high, it would either remove the carbon source from 

the reaction zone or transfer the carbon source to the reaction zone without being 

oxidized into CO and this would lead to the deposition of carbon nanoparticles on the 

nanowires, as observed in the nanowires formed by Kim et al. (2009). 

Hydrogen (H2) was normally used to provide a reductive atmosphere in the furnace 

chamber and it was found to have a higher efficiency in removing residual 02 in the 

furnace chamber as compared to Ar to produce an 0 2 deficient zone for the growth of 

SiC nanostructures (Lopez-Camacho et al., 2008). However, it was also reported that 

the presence of H2 prevented the growth of SiC nanostructures on Si02-coated Si 

substrates (Park et al., 2007). When heated at high temperature, H2 dissociated into H 

species that preferentially adsorbed onto the Si02 surface and bonded with the Si 

dangling bonds whereas the carbon species preferentially adsorbed onto the bare Si 

substrate and reacted with the Si dangling bonds. The H species on the Si02 surface 

prevented incoming carbon species to react with Si and thus resulted in no SiC 

nanostructures being formed on the Si02 surface while SiC/Si02 core-shell nanowires 

were found on the bare Si substrate. This enabled selective patterning of SiC 

nanostructures on Si substrate by using a thick layer of Si02 and exposing the substrate 

to H2 atmosphere. Although the growth of SiC/Si02 nanowires was reported to be 

possible under H2 atmosphere, the pressure had to be controlled within a narrow range 

of375 Torr to 600 Torr (Lopez-Camacho et al., 2008). A pressure of375 Torr showed 

the optimum results in terms of high yield and considerable length. As the pressure 
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was increased to 600 Torr, SiC/Si02 core-shell nanowires were still fonned but with the 

presence of another side product of Si02 nanowires. The lengths of the nanowires were 

also visibly shorter as compared to that of 375 Torr. This is because the high pressure 

would suppress the catalytically activated decomposition reaction of methane and 

decrease the amount of C species available for SiC growth, thus slowing down the 

growth rate of SiC. The remaining oxide species would then favored the growth of 

Si02 nanowires. 

Nitrogen (N2} atmosphere had also been used in the synthesis of SiC nanowires under 

direct growth method (Niu and Wang, 2007a). N2 was only used as a carrier gas and to 

provide an inert atmosphere for the thennal evaporation of ferrocene on Si substrate. 

Nitridation did not occur as commonly reported when using N2 atmosphere due to the 

high stability of the SiC fonned. 

2.3.5 Effect of Cooling Rate 

Furthennore, the control of the cooling rate is found to be important in detennining the 

yield and morphology of SiC product fonned. It was reported that only a small amount 

of pure SiC nanowires with lengths less than 3 Jlil1 were produced when the substrate 

was rapidly cooled down by taking out the substrate from furnace and exposed to 

ambient. Whereas large amount of SiC/Si02 core-shell nanowires with lengths up to 

few mm were fonned when the substrate was slowly cooled down in furnace at a rate of 

1 0°C/min to room temperature under H2 protection (Du et al., 2007). 

The reason for the different products fonned under different cooling rates had been 

reported to be a result of different reaction kinetics during holding and cooling stages. 
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Dur~ng the holding stage, the reaction between SiO and CO took place via Equation 

2.1. 

SiO (g)+ 3CO (g)~ SiC (s}+ 2C02 (g) (2.1) 

During the cooling stage, the following reaction between SiO and CO had been 

reported to predominate at temperatures less than 900°C. 

3SiO (g)+ co (g) ~sic(s)+ 2Si02 (s) (2.2) 

From the above reactions, it could be observed that only SiC was formed during 

holding stage and thus, pure SiC nanowires were obtained when the substrate was 

rapidly cooled. For the case of slow cooling, SiC and Si02 were formed 

simultaneously. In addition, since SiC had higher melting point as compared to Si02, 

SiC would solidify first and the Si02 would encapsulate SiC, forming the SiC/Si02 

core-shell nanowires (Silva and Figueiredo, 2001, Luo et al., 2009, Zhang et al., 

2009a). 
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CHAPTER3 

MATERIALS AND METHODOLOGY 

3.1 Introduction 

This chapter is comprised of two parts. The first part details the synthesis route of 

chemical vapour growth (CVG) on silicon (Si) wafer. CVG route began with wafer 

preparation, thermal oxidation of Si wafers and finally the Si-based nanostructure 

growth process. The second part outlines the characterization techniques that were 

involved in analysing the samples, which include field-emission scanning electron 

microscope (FESEM, LEO GEMINI) equipped with an energy dispersive X-ray 

spectrometer (EDS, ZEISS SUPRA ™ 35VP), an energy-filtered transmission electron 

microscope (EFTEM, ZEISS LIBRA 120) equipped with an electron spectroscopic 

imaging (ESI), high-resolution transmission electron microscope (HRTEM, Philips 

Tecnai 20) and X-ray diffraction (XRD, Bruker D8). 
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3.2 Chemical Vapor Growth (CVG) on Si Wafers 

In this section, the chemicals used and the methodology involved in the CVG method 

are described and summarised in the flow chart in Figure 3 .1. 

,·-·-·-·-·-·-·-·, . Si Source Preparation . 
L·-·-·-·.,.-·-·-·-· I 
RCA Cleaning of Si Substrate 

• 
Thermal Oxidation of Si Substrate at 
1000° C for 1 min, 2 min, 8 min and 

12min 

~·-·-·-·.i·-·-·-·1 
• C Source Preparation . 
l . - . - . - ._ •. - . - . - . I 

t:: 
Weighing of ACP in graphite crucible 0 

:p 

(0 g, 0.5 g, 1.0 g and 1.5 g) ttl 
N 

E 
1·-·-·-·j·-·-·-·, 0. 
• Process Delivery . 0 

I 
..... 

L·-·-·-··-·-·-·-· 2 
Q) 

E 
Setting up of samples in vacuum ttl ..... 

ttl 
sintering furnace a... 

.. 
Heating in vacuum sinteringfumace at 1300° Cfor 1 -2 
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Figure 3.1: Flow chart ofthe experimental methodologies in CVG. 
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3.2.1 Chemicals and Reagents 

Table 3.1 lists all the chemicals and reagents used in the experiment, detailing their 

specifications. 

Table 3.1: Specifications ofthe chemicals and reagents used in CVG on Si wafers. 

No Chemical Chemical Form Manufacture Specifications 
. Name Formula r 
1. Hydrogen HzOz Liqui J. T. Baker, CMOS grade 

peroxide d Germany 
2. Ammonium NH40H Liqui J. T. Baker, CMOS grade 

hydroxide d Germany 
3. Hydrofluoric HF Liqui J. T. Baker, CMOS grade 

acid d Germany 
4. Hydrochloric HCl Liqui J. T. Baker, CMOS grade 

acid d Germany 
5. Activated c Solid DARCO@ 100 mesh (149 )lm) mean 

carbon particle size 
powder 

3.2.2 Wafer Preparation 

A commercial n-type <1 00> oriented 2 inch diameter silicon wafer with resistivity of 1-

20 n-cm and thickness of 525 ± 25 )lffi was used as a substrate and silicon source for 

the growth of Si-based nanostructures. 

Prior to growth, the 2 inch diameter silicon wafer was cut into half using a diamond 

cutter and cleaned using a three-step wet chemical cleaning process, known as RCA 

cleaning, whereby all of the chemicals used were of CMOS grade. The silicon wafer 

was first immersed in deionized water before the cleaning process. 

The first solution was known as RCA 1 solution that needed to be prepared in a glass 

beaker. It consisted of deionized water, ammonium hydroxide CNH40H) and hydrogen 

peroxide (H202) in the ratio of 5: 1: 1 to remove organic contaminants on the wafer 

surface. The solution was then heated on a hotplate to temperatures between 80-85°C 

and maintaillled for 10-15 min. Precautions were taken to ensure that the temperature of 
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the solution did not exceed 85°C because higher temperatures would cause degradation 

of the cleaning solution and reduce the cleaning efficiency. The wafer was then 

removed from solution, rinsed with deionized water and immersed in deionized water 

to protect the wafers from dust particles in the ambient before subsequent processes. 

The second solution consisted of a solution of hydrofluoric acid (HF) that should be 

prepared in a plastic beaker in a ratio of HF:H20 of 1:50 to remove the native Si02 

layer on the wafers. The silicon wafer surface also became hydrogen terminated and 

hydrophobic. The wafer was dipped in the diluted HF solution for about 15 seconds 

before being removed from the solution and rinsed with deionized water. Lastly, the 

wafer was immersed in deionized water while preparing the third solution. 

The third and final solution was RCA 2 solution prepared in a glass beaker. It 

consisted of deionized water, hydrochloric acid (HCl) and hydrogen peroxide (H202) in 

the ratio of 6: 1:1 to remove residual inorganic metal contaminants. The solution was 

heated to temperatures of 80-85°C and maintained for 10-15 min. The temperature 

should not exceed 85°C to avoid degradation of the solution that would lead to 

reduction in the cleaning efficiency. After the heating process, the removed wafer was 

rinsed with deionized water and immersed in deionized water to ensure complete 

removal of the cleaning solution. 

The cleaned wafer was then ultrasonically cleaned for 15 minutes and finally, the wafer 

dried using air gun before being stored for subsequent processes. 

3.2.3 Thermal Oxidation of Silicon Wafer 

The cleaned silicon wafer was subjected to thermal oxidation under different oxidation 

times (1 min, 2 min, 8 min and 12 min). In this experiment, the wafer was thermally 

oxidized using dry oxidation. Dry oxidation was chosen here because the oxidation 
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rate was low, making it easier to control the oxide thickness accurately. The chemical 

reaction that was involved in the oxidation is shown as follow. 

Si(s) + 0 2 {g)--? SiOz(s) (3.1) 

The oxidation process involved the heating of Si wafer while being exposed to 0 2 

atmosphere in a horizontal tube furnace. Before oxidation, the quartz tube was first 

cleaned using a HF solution of 180 ml deionized water and 20 ml HF. During 

oxidation, the cleaned wafer was inserted into the center of the quartz tube. Next, the 

tube was heated according to the heating profile as shown in Figure 3.2, at a rate of 

S°C/min to 1000°C and soaked for the pre-determined time of 1 min, 2 min, 8 min and 

12 min before cooling down at a rate of S°C/min to room temperature. Oxygen (02) 

was only introduced during the soaking time while argon (Ar, 99.99%) was supplied 

during the heating and cooling stages to provide an inert atmosphere. 

Temperature (•q 

1000•c 

Ar Ar 

Soaking Time 
(1 min, 2 min, 8 min, 

12min) ..___ ______________ ___,__ Time (min) 

Figure 3.2: Heating profile for thermal oxidation. 

3.2.4 Growth ofNanostructures in Vacuum Sintering Furnace 

The oxidized Si wafer was placed on the graphite crucible with polished surface facing 

the crucible and held in place by a graphite block in the centre of a vacuum sintering 

furnace (Korea Furnace Development Co. LTD). The graphite crucible had a height of 

4.S em. Prior to that, activated carbon powder (ACP) of mean particle size 149 J.lil1 was 
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added into the crucible at a pre-determined amount (0 g, 0.5 g, 1.0 g and 1.5 g) as 

carbon source to produce SiC nanostructures. The product specifications of the 

activated carbon powder used is shown in Appendix A. The samples were designated 

as OACP, 0.5ACP, 1.0ACP and 1.5ACP according to the amount of ACP being used. 

The experimental setup is shown in Figure 3.3. 

~+------ Thermocouple 

r-~----~~~====~=+~Vacuwnpwnp 
0 

0 

0 

0 

0 

0 

0 

0 

UIII~----1-T'="r-1--t- Gas inlet 

---+...!,l+-+-Grarlhi1:e block 

~--i~ii-CIDtfise~dSiwarer 

crucible 

powder 

Figure 3.3: Experimental setup in the vacuum sintering furnace. 

The furnace was then pre-evacuated to 1 o-3 mTorr using a mechanical pump and later 

the vacuum was released while Ar gas was introduced at a rate of 15 seem. The 

furnace was then heated up at a rate of l5°C/min to 1300°C and maintained for 

different soaking times (1 hour and 2 hours). The parameters used in the experiment 

are shown in Table 3.2. 

Table 3.2: Experimental parameters used in CVG on Si wafers. 

Oxidation 1 Hour Soaking Time 2 Hour Soaking Time 

Time 
(min) OACP O.SACP l.OACP l.SACP OACP O.SACP l.OACP l.SACP 

1 "'i 
2 ..J ..J ..J ..J ..J 

8 "'i 
12 "'i 
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Next, the sample was left to cool in furnace at a rate of 15 °C/min to room temperature 

before it was removed from furnace. The common heating profile used for all samples 

is shown below in Figure 3.4. 

Temperature (•q 

1300"C 

Soaking Time 
(1 hour, 2 hours) 

"'--------''----------'----___,_-+ Time (hour) 

Figure 3.4: Heating profile in vacuum sintering furnace. 

3.3 Characterization 

The raw materials and the products were subjected to characterization by the following 

testing of a field-emission scanning electron microscope (FESEM, LEO GEMINI) 

equipped with an energy dispersive X-ray spectrometer (EDS, ZEISS SUPRA ™ 

35VP), an energy-filtered transmission electron microscope (EFTEM, ZEISS LIBRA 

120) equipped with an electron spectroscopic imaging (ESI), high-resolution 

transmission electron microscope (HRTEM, Philips Tecnai 20) and X-ray diffraction 

(XRD, Bruker D8). These characterization techniques will be described briefly in 

terms of their purposes, principles and sample preparation in the following sections. 

3.4.1 Field-Emission Scanning Electron Microscope (FESEM) 

Field-emission scanning electron microscopy (FESEM) was conducted using the model 

LEO GEMINI to observe the surface topography and the morphology of the 

nanostructures. The FESEM was also equipped with energy-dispersive X-ray 

spectrometer (EDS) with model of ZEISS SUPRA TM 35VP to identify the elements 
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present at the test location. This testing was based on the interactions of the electron 

beam with the sample surface. When high energy electrons were focused into a fine 

beam by electromagnetic lens and scanned the specimen surface in vacuum, the 

interactions between the energy beam and the specimen produced a variety of signals 

which include secondary electrons, back-scattered electrons, characteristics X-rays, 

cathodoluminescence and transmitted electrons that would be collected by the 

detectors. Secondary electron detectors were common detectors in SEM. The 

secondary electrons were a result of the interaction of electron beam and atoms at or 

near the surface, thereby creating high resolution images of the sample surface. Back

scattered electrons were also common in analytical SEM. Since the intensity ofback

scattered electrons was strongly related to the atomic number of specimen, they could 

provide information on the distribution of elements in sample. Characteristic X-rays 

were emitted when the electron beam removed an inner shell electron from its orbital, 

causing a higher energy electron to fill the shell and released energy. These 

characteristic X-rays constituted EDS in identifying and measuring the mass fractions 

of the elements in the sample. 

FESEM was performed on the Si wafers and the OP samples after pyrolysis. The Si 

wafer samples were placed on the sample holders and held in place by carbon tape. For 

the OP samples, the samples were dispersed onto the carbon tape stuck to the sample 

holders. The samples were then observed at several magnifications. 

3.4.2 Energy-Filtered Transmission Electron Microscope (EFTEM) 

Energy-filtered transmission electron microscopy (EFTEM) was conducted using 

model ZEISS LIBRA 120 to determine the morphology and crystallographic 

information. EFTEM was also eguipped with electron spectroscopic imaging (ESI) to 
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determine the compositional information of specimen. TEM was based on the principle 

of the intenaction between the electron beam and the atoms in the sample. When a 

beam of high energy electrons was focused onto a thin specimen, most electrons would 

be transmitted through the sample, but some interacted with the sample and resulted in 

elastic and inelastic scattering. The electrons were collected and used to form an image 

on the dete~tor. EFTEM was one of the techniques ofTEM, in which only electrons of 

particular kinetic energies, filtered through adjustable slits, were used to form the image 

or diffraction pattern. The ability to control the electrons within certain kinetic energies 

prevented inelastic scattering from contributing to the image and hence produced 

enhanced contrast image. By comparing a few images of electrons that had lost a 

specific amount of energy, quantitative analysis could provide an elemental map that 

constituted ESI. 

The TEM samples were prepared using ultrasonic method. The nanostructures from 

the Si wafers were scrapped from the surface and dispersed in absolute ethanol. As for 

the OP samples, the nanostructures after HF treatment were directly dispersed in 

absolute ethanol. The mixture then was sonicated to create suspensions. The 

suspensions were then dripped onto holey carbon films on Cu grids and left to air-dry. 

3.4.3 High-Resolution Transmission Electron Microscope (HRTEM) 

This test was performed using Philips Tecnai 20, 200kV using LaB6 gun. High

resolution transmission electron microscopy (HRTEM) is an imaging mode of the 

transmission electron microscope (TEM) that allows the imaging of the 

crystallographic structure of a sample at an atomic scale. The working principle of 

HRTEM is similar to that of TEM. However, its high resolution makes it preferable in 

observing the nanoscale properties of crystalline materials. The HRTEM system is also 
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equipped with Selected Area Electron Diffraction (SAED) and Energy dispersive X-ray 

spectroscopy (EDS), similar to that of attached to FESEM. SAED is a crystallographic 

experimental technique whereby the wave-like electrons are diffracted by the atoms. 

The diffraction is due to the slightly large spacing between the atoms in a solid and the 

electron beam causing the atoms to act as diffraction grating. Some of the electrons 

will be scattered to particular angles, determined by the crystal structure of the sample, 

while others pass through without deflection. As a result, the image on TEM screen 

consists of a series of spots where each spot corresponds to a satisfied diffraction 

condition of the sample's crystal structure. 

The sample preparation method for HRTEM is the same as that of TEM. The sample 

was prepared using ultrasonic method. The nanowires were dispersed in ethanol after 

being scrapped off the surface and sonicated in ultrasonic bath for 30 minutes. A drop 

of the suspension was then dripped onto the carbon holey film on the Cu grid and left to 

dry in air before being placed in the sample holder for TEM investigation. 

3.4.4 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) was performed using Bruker D8 model in determining the 

phase composition. XRD was based on measurement of the angles and intensities of 

the diffracted beams when a X-ray beam struck the sample and caused the beam to be 

diffracted into many specific directions that were characteristics of the phases present 

in a material. 

The Si wafer were submitted for testing without further preparation but for the samples 

from pyrolysis of OP, the powder was ground and pressed into pellet form for testing. 
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4.1 Introduction 

CHAPTER4 

RESULTS AND DISCUSSION 

This chapter details the results obtained from different characterization techniques, 

which include optical microscope, scanning electron microscope (SEM), energy

dispersive X-ray spectroscopy (EDX) and transmission electron microscope (TEM). 

The results will be presented and discussed according to the synthesis methods and the 

parameters studied. 

For the method of chemical vapour growth on Si substrate, results on the effects of 

growth temperature and soaking time under constant oxidation time of 24 min, 

oxidation time, soaking time and activated carbon powder amount will be presented 

and discussed. From the analysis, the growth mechanisms for the nanostructures 

formed will also be proposed. 
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4.2 Chemical Vapour Growth (CVG) on Si Substrates 

4.2.1 Effect of growth temperature with constant soaking time 

When the growth temperature was increased from 1100 to 1300 oc, nanowires only 

began to form at the temperature of 1200 °C. No nanowires were obtained at 1100 oc 

[Figure 4.1(a)] while aligned nanowires had been formed at 1200 °C [Figure 4.1(b)] at 

regions surrounded by activated carbon powder particles. As the temperature was 

further increased to 1300 °C, it could be observed that the nanowires increased in length 

[Figure 4.1(c)] but became randomly distributed. The lattice image of the nanowires 

obtained from high-resolution transmission-electron microscopy (HRTEM) at 1200 °C 

showed that the nanowires are amorphous [Figure 4.2(a)] which was confirmed by the 

selected area diffraction (SAED) image in the upper inset of Figure 4.2(a). The lower 

inset showed a TEM image of a single-layer nanowire. Based on energy dispersive x

ray (EDX) result of an individual nanowire, the nanowire consisted of Si (40.32 at%) 

and 0 (59.68 at%) elements only, with the Si:O ratio approximately 1 :2.6, which is the 

typical value for all the nanowires. The nanowires formed by our method had higher 

oxygen content that those obtained in other reports (Hu et al., 2003, Liang et al., 2000b). 
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Figure 4.1: (a) A FESEM image showing that no nanowires were formed on the silicon 
wafer at a growth temperature of 1100 °C. (b) A FESEM image ofthe aligned SiOz 
nanowires formed on silicon wafer at a growth temperature of 1200 °C. (Inset) A 
FESEM image of the nanowires formed surrounding the activated carbon powder 
particles on the wafer surface. (c) A FESEM image ofnanowires with length up to 
several micrometers long on the wafer surface at a growth temperature of 1300 °C. 
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Figure 4.2: (a) A lattice image from HRTEM of the amorphous SiOx nanowires formed 
at 1200 °C. (Upper inset) SAED pattern of a SiOx nanowire showing amorphous nature. 
(Lower inset) A typical TEM image ofthe single-layer SiOx nanowires. (b) A typical 
TEM image of the Si/SiOx core-shell nanowires formed at 1300 °C. (c) A lattice image 

from HRTEM of a Si/SiOx core-shell nanowire. (Inset) SAED pattern of a Si/SiOx 
nanowire. 
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Nanowires formed at 1300 °C were core-shell structures [Figure 4.2(b)]. EDX results 

showed that Si and 0 were present in the ratio of 1.4 7: 1. A higher amount of Si 

indicated that the core might be consisted of crystalline Si and the shell SiOx. Atomic 

arrangements ofSi/SiOx nanowires had been inspected by HRTEM [Figure 4.2(c)]. The 

results clearly showed that core of the nanowires had (111) atomic planes with a 

separation of 0.31 nm perpendicular to the nanowire axis and an atomically sharp 

interface with the amorphous shell. Based on SAED pattern [inset of Figure 4.l(c)], it 

indicated that the core of nanowires were polycrystalline and the lattice planes existing 

in the core were found to be (111 ), (220) and (311) planes. 

4.2.2 Effect of soaking time with constant growth temperature 

When the soaking time in the vacuum sintering furnace was increased from 1 h to 2 h 

and finally to 4 h, while maintaining the soaking temperature at 1300 °C, Si/SiOx core

shell nanowires were formed on the wafer surface as wool-like nano-materials in 

increasing amount and length (Figure 4.3). It could also be observed that as the 

soaking time increased to 4 hours, node-like cores began to form as indicated by the red 

circles in Fiwure 4.3(c). 
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Figure 4.3: TEM images of the core-shell nanowires formed at growth temperature of 
1300 oc for soaking time of(a) 1 h, (b) 2 hand (c) 4 h. Inset showing the SEM images 

of the nanowires at the respective soaking time. 

The diameters of these nanowires fluctuated along the length of the nanowires, causing 

some areas to have larger diameters that led to the formation of the node-like structure. 

The thickness of crystalline core and diameter of the nanowire inclusive of the core and 
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shell were measured. The values were then plotted and linearly regressed as shown in 

Figure 4.4, with the r values for the three different soaking times (I h, 2 h and 4 h) 

between 0.52 and 0.66. Although the r2 values did not reached unity, it could be 

suggested that the diameters of nanowires and cores had slightly linear relationships 

and thus it could also be suggested that both the Si core and SiOx shell grew from the 

same mechanism through the disproportionation reaction of SiO (Chen and Ruoff, 

2007). In addition, the plots revealed that both diameters of the core and the nanowire 

only increased slightly when the soaking time was prolonged. This is because lateral 

growth of the nanowires had been limited by the oxide shell surrounding the nanowires. 

The diameters of nanowires ranged from 20 to 40 nm with the core diameter between 5 

to 20 nm, which was smaller than the reported diameter (Gundiah et al., 2003). 
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Figure 4.4: Correlation ofthe diameter of core to the diameter ofthe nanowire 
(inclusive of the core and shell) at growth temperature of 1300 °C at different soaking 

times of 1 h, 2 h and 4 h. 
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4.2.3 Effect of Oxidation Time 

Different oxidation times had been used to investigate the effect of oxidation time on 

the growth of nanostructures. The oxidation time was varied from 1 min, 2 min, 8 min 

and 12 min during the thermal oxidation process at I 000°C. The oxidized substrate 

were then heated in vacuum sintering furnace at 1300°C for 1 hour while exposed to 

0.5 g activated carbon powder. The results obtained are presented as follow. 

Two different types of nanostructures, namely nanorods and nanocolumns, were 

observed on the silicon wafer at different regions regardless of the change in the 

oxidation time (or Si02 thickness), as shown in the FESEM images for different 

oxidation times in Figure 4.5 at the centre and at the sides of the wafer. Nanostructures 

at both regions were identified to consist of mainly Si and C that existed in almost 

equal ratio with some small amounts of 0 and Fe using EDS, as shown in Figure 4.6 

and 4.7 for the nanostructures at the centre and at the side, respectively. At the centre 

of the silicon wafer that was exposed to activated carbon powder in the crucible, 

nanorods or nanoneedles with diameters ranging from 60 to 90 nm and average length 

of 200 nm could be observed. Whereas at the side of the wafer, which was in contact 

with the graphite crucible, nanocolumns in polygonal shapes with diameters ranging 

from 200 nm to 450 nm could be observed. An EFTEM image of the nanostructures 

formed is shown in Figure 4.8, showing a rod-like shape. 
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Figure 4.5: FESEM images of the nanorods and nanocolumns formed at the centre and 
the sides of silicon substrate when heated at 1300°C for 1 hour under different 

oxidation time of 1 min, 2 min, 8 min and 12 min. 

43 



\,. ,...---~.,.., -. .. : . ,, ...... .. - . 
~. l ' • _: 

- ' 
• .. • • ... 'ij 

~,!~.,~ 

(d) .. 

Figure 4.6: EDS results of the nanorods at the centre of silicon wafer under different 
oxidation times of(a) 1 min, (b) 2 min, (c) 8 min and (d) 12 min. 

Figure 4.7: EDS results of the nanorods at the side of silicon wafer under different 
oxidation times of(a) 1 min, (b) 2 min, (c) 8 min and (d) 12 min. 
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Figure 4.8: An EFTEM image of the nanostructures formed on a silicon wafer at the 
oxidation time of 2 min. 

From the FESEM images at the centre of silicon wafer, it could be noticed that the 

nanorods or nanoneedles increased in diameter but reduced in amount while at the sides 

of the wafer, both the diameters and the amount of nanocolumns decreased as the 

oxidation time increased. When the oxidation time was increased, the Si02 layer 

became thicker and contributed to more SiO and 0 2 species being released when heated. 

The higher partial pressure of SiO species increased the reaction rate for SiC formation, 

leading to more SiC being deposited onto Si wafer. Therefore, significantly higher 

amount of nanorods and nanocolumns could be observed as oxidation time was 

increased. However, when the oxidation time was increased to 8 min and 12 min, the 

nanocolumns started to agglomerate, forming SiC clusters again and SiC nanorods with 

smaller diameter could be observed on the clusters. This observation concurred with 

reports by others detailing that a thin layer of SiO would promote the growth of Si-

based nanostructures (Jeong et al., 2008, Park et al., 2007) but if it was too thick, it 

would inhibit the growth of nanostructures instead (Park et al., 2007). 
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To summarise, short oxidation times of 1 min and 2 min were preferable for the growth 

of SiC nanorods and nanocolumns. When the oxidation time was prolonged to 8 min 

and 12 min, the nanorods started to agglomerate and formed SiC clusters. Furthermore, 

the sample thermally oxidized for 2 min showed the onset of the nanowire growth. 

Thus, oxidation time of2 min would be used for subsequent studies. 

4.2.4 Effect of Soaking Time in Vacuum Sintering Furnace 

Different soaking time in the vacuum sintering furnace was investigated on their effects 

on the growth of nanostructures. The Si substrate was first thermally oxidized for 2 

min. The oxidized Si substrate was then heated at 1300°C while exposed to 0.5 g of 

activated carbon powder. Two soaking times (1 hour and 2 hours) were studied. The 

results reporting the effects of soaking time are shown as follow. 

When the soaking time was increased from 1 hour to 2hours, there was a transition of 

nanostructures, as shown in Figure 4.9. At the centre of Si substrate, SiC nanorods 

were observed under the soaking time of 1 hour, as discussed in previous section. 

However, when the soaking time was increased to 2 hours, no nanorods were found. 

Only grains consisting of higher amount of Si and C as well as a small amount of 0 

were detected using EDS (Figure 4.1 0). The higher content of Si and C suggested that 

the grains might have consisted of SiC and the 0 originated from the oxide layer. The 

morphological change from nanorods to grains might have been a result of coagulative 

recrystallization of nanorods due to higher reaction rate with increasing soaking time. 
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Figure 4.9: FESEM micrographs of nanostructures formed at the centre of Si substrate 
under different soaking time of(a) 1 hour (Inset showing higher magnification 

micrograph ofthe nanostructures) and (b) 2 hours. 
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Figure 4.10: EDS results of the grains formed at the centre of Si substrate under a 
soaking time of2 hours. 

At the side of the Si substrate, only SiC nanocolumns were observed under a soaking 

time of 1 hour, as discussed in previous section, while two different nanostructures 

which include nanowebs and randomly oriented nanowires were observed when the 

soaking time was increased to 2 hours. Nanowebs consisted of several intersecting 
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nanowires that bonded together, forming a web-like structure. These nanostructures are 

shown in Figure 4.11. 

Figure 4.11: (a) and (b) shows the FESEM micrographs ofnanocolumns formed at the 
side of Si substrate under a soaking time of 1 hour while (c) and (d) shows the FESEM 

micrographs of nanowires and nanowebs formed at the side of substrate under a 
soaking time of 2 hours. 

Figure 4.12 shows the EFTEM images of the nanostructures formed under different 

soaking times. The nanostructures formed under 1 hour soaking time were only 

observed with a single layer, suggesting that no oxide layer was formed around the SiC 

nanorods or nanocolumns. Whereas the nanowires formed under 2 hours soaking time 

consisted of a core-shell structure. ESI results in Figure 4.13 show a higher 

concentration of Si and C at the core and a higher concentration of 0 at the shell, 

suggesting that the nanowires might be SiC/Si02 core-shell nanowires. 
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Figure 4.12: EFTEM images of(a) nanorods or nanocolumns formed under soaking 
time of 1 hour and (b) core-shell nanowires formed under soaking time of2 hours. 

Figure 4.13: ESI results showing composition ofnanowires formed under soaking time 
of2 hours. 

The change of structure from nanocolumns to nanowires when the soaking time was 

increased might have been a result of the longer reaction time available for reactions to 

take place. As could be observed frim FESEM images, short nanowires were already 

observed under soaking time of 1 hour. When the soaking time was increased, more 

nanowires were nucleated and grew in length, thus forming bundles of nanowires. 

Since the nanowires were randomly oriented, the chances of the nanowires intersecting 

one another were high and this led to formation of nanowebs. The detailed growth 

mechanisms of these nanostructures will be discussed in the section on growth 

mechanism. 
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From this study, it could be concluded that a longer soaking time of 2 hours was 

preferential for the formation of nanowires. Thus, in the following study, a soaking 

time of 2 hours was used when investigating the effect of activated carbon powder 

amount. 

4.2.5 Effect of Activated Carbon Powder Amount 

Different activated carbon powder (ACP) amounts were used to investigate their effects 

on the growth of nanostructures. The Si substrate was first thermally oxidized for 2 

min. Then, the growth of nanostructures proceeded in vacuum sintering furnace by 

heating at 1300°C for 2 hours with the carbon amount used varied from 0 g, 0.5 g, 1.0 g 

and 1.5 g. Designation of OACP, 0.5ACP, l.OACP and 1.5ACP based on the amount of 

ACP will be used in the figures to differentiate the samples. The results obtained are 

presented as follow. 

Various types of nanostructures were found on the surface of Si substrates, depending 

on its location, either at the centre, boundary or the side of the substrate (Figure 4.14). 

The centre is the region where the substrate is exposed directly to activated carbon 

powder; the boundary is the region in contact with the graphite crucible; and the side is 

the region outside of the crucible. A summary of the different nanostructures formed 

depending on the location and amount of ACP is shown in Table 4.1. 

~~-Center 

~~~-Border 

Side 

Figure 4.14: Location ofnanostructures formed on the Si02/Si wafer. 
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Table 4.3: Summary ofnanostructures formed on Si wafer depending on the amount of 
ACP and the location on Si wafer. 

Sample 
Location on Si Wafer 

Centre Border Side 
OACP Si or Si/SiOx nanowires SiC/Si02 nanowires Randomly oriented 

SiC/Si02 nanowires 
0.5ACP SiC/Si02 nanograins SiC/Si02 nanowebs Randomly oriented 

SiC/Si02 nanowires 
l.OACP SiC/Si02 nanograins SiC/Si02 nanowebs Randomly oriented 

SiC/Si02 nanowires 
1.5ACP SiC/Si02 nanograins SiC/Si02 nanowebs SiC/Si02 nanowire 

clusters 

At the centre, the surface appeared etched and filled with voids in various shapes with 

particles found growing in the voids when ACP was added (Figure 4.15). EDS showed 

that these voids consisted of Si, C and 0, with higher amount of Si and C [Figure 

4.16(a)] as compared to the surrounding surface which consisted of only Si and 0 with 

lower content ofC [Figure 4.16(b)]. This indicated that the voids might be grown with 

SiC nanograins. When no ACP was added, short nanowires consisting of Si only based 

on EDS results were detected. This suggested that the nanowires might be SiOx 

nanowires, which were commonly grown by heating mixture of Si and Si02 at 

temperatures above 11 oooc through oxide-assisted growth mechanism (Zhang et al., 

2000b, Pan et al., 200la, Shi et al., 2000a, Zhang et al., 2003). 
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Figure 4.15: FESEM images ofnanostructures formed at the centre under different 
ACP amount of(a) 0 g, (b) 0.5 g, (c) 1.0 g and (d) 1.5 g. 

(a) .. (b) 
Sl 

0 

Figure 4.16: EDS results of the (a) unetched Si substrate surface and (b) voids formed 
on Si substrate at the centre. 

At the border, the nanostructures changed from randomly oriented nanowires to 

nanowebs consisting of intersecting nanowires with the presence of small amount of 

nanoparticles on the surface of Si substrate when ACP was added (Figure 4.17). The 

randomly oriented nanowires in OACP showed significantly smaller diameters as 

compared to the nanowebs. It could also be noticed that the diameters of these 

nanowebs i~reased when the ACP amount was increased from 0.5 g to 1.0 g, with· 
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signs of surface roughening of the nanowires, but then the diameter was found to 

reduce when ACP was further increased to 1.5 g. EDS of these nanowires showed the 

presence Si and 0 with some showing the presence of C as well (Figure 4.18). In 

addition, thin nanowires were observed growing from the nanoparticles, proposing that 

these nanoparticles acting as nuclei for the growth of the nanowires. 

Figure 4.17: FESEM images ofnanostructures formed at the border under different 
ACP amount of(a) 0 g, (b) 0.5 g, (c) 1.0 g and (d) 1.5 g. 

Figure 4.18: EDS results of the nanowebs at the borders at two different locations 
showing (a) only Si and 0 and (b) Si, 0 and C. 
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The EFTEM images of the nanowires formed at the border under different ACP amount 

are shown in Figure 4.19. From the EFTEM images, the nanowebs consisted of core-

shell structures, most with a single core and some could be observed with several thin 

cores located inside the nanowires. The nanowires had diameters ranging from 15 to 

70 nm with the cores having diameters of 4 to 15 nm. Similar nanostructure had been 

reported by Shim et al. (Shim, 2008, Shim and Huang, 2007). The nanostructure with 

several thin cores within the shell was named nanocable due to their resemblance to 

power transmission cables. The core-shell nanowires were observed with decreasing 

diameter of the core when ACP amount increased. Amorphous nanowires were also 

found growing as branches from the core-shell nanowires [Figure 4.19(d)]. 

Figure 4.19: EFTEM images of nanostructures formed at the border under different 
ACP amount of(a) 0 g, (b) 0.5 g, (c) 1.0 g and (d) 1.5 g . 
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At the side, randomly oriented nanowires were observed in the samples exposed to 0 g, 

0.5 g and l.Og of ACP while thick nanowire clusters were observed in the sample 

exposed to 1.5 g ACP, as shown in Figure 4.20. The randomly oriented nanowires 

consisted of Si, C and 0 [Figure 4.21(a) and (b)] while the thick nanowires in the 

sample exposed to 1.5 g ACP were found growing from single origin [inset of Figure 

4.20(d)] and they were consisted ofSi and 0 based on EDS [Figure 4.2l(c) and( d)]. 

Figure 4.20: FESEM images ofnanostructures formed .at the side under different ACP 
amount of(a) 0 g, (b) 0.5 g, (c) 1.0 g and (d) 1.5 g (Inset showing higher magnification 

of the nanowire cluster formed in 1.5ACP). 
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Figure 4.21: EDS results of(a) and (b) randomly oriented nanowires when exposed to 0 
g, 0.5 g and 1.0 g ACP as well as (c) and (d) the nanowire clusters formed when 

exposed to 1.5 g ACP at the sides of Si substrate. 

The EFTEM images of the samples are shown in Figure 4.22. From the EFTEM 

images, amorphous nanowires and core-shell nanowires were observed as well. 

However, the diameters of the nanowires were smaller (20 - 50 nm) but with thicker 

cores (7 -20 nm). Branching of the thick crystalline core was also observed [Figure 

4.22(c)]. In addition, some of the crystalline cores could be observed with planar 

defects of stacking faults, as circled in Figure 4.22( d). Stacking faults are common in 

SiC nanowires due to lower energy contribution during the growth of nanowires (Cai et 

al., 2008, Shim and Huang, 2007, Zhang et al., 2009a). 
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Figure 4.22: EFTEM images of nanostructures formed at the side under different ACP 
amount of(a) 0 g, (b) 0.5 g, (c) 1.0 g and (d) 1.5 g (Circled shows the presence of 

stacking faults). 

To determine the composition of the core-shell nanowires, ESI and XRD were 

performed. XRD was performed on the whole Si wafer surface covering the three 

regions. ESI results showed a higher concentration of Si and C at the core and a higher 

concentration of 0 at the shell for both nanostructures at the border and at the side 

[Figure 4.23(a) and (b)]. XRD spectra of the entire Si wafer surface exposed to 

different ACP amount are shown in Figure 4.23(c). The XRD patterns showed only 

diffraction peaks of Moissanite 3H-SiC (ICDD 01-073-1708) as well as Si02 in the 

form of quartz (ICDD 01-086-1562) and cristobalite (ICDD 00-039-1425). The 

detection of SiC peaks even when no ACP was added indicated that the graphite 

crucible might have acted as a secondary carbon source for SiC formation aside from 
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ACP. The high Si02 peaks might originate from the Si02 thin film on the pre-oxidized 

Si wafer. Although thermally grown Si02 was amorphous in nature, devitrification of 

Si02 into a mixture of cristobalite and quartz had been reported to be possible when 

heated at temperatures above 1200°C, especially in the presence of hydroxyl (OH) 

radicals that were bound to the surface of Si02 (Zaplatynsky, 1972). From the results 

above, it could be concluded that the cores were SiC and the amorphous shells were 

(c) • Si02 .. 3C-SiC 

' ... - ... l.SACP 

• • • • l.OACP 
I. "" l .l ~t A_ O.SACP 

.... I ... .A_ l ll A OACP 
I 

20 40 60 80 

Figure 4.23: (a) ESI results ofthe core-shell nanowires at the side of wafer, (b) ESI 
results of the nanowebs at the border and (c) XRD spectrum of the samples. 
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4.2.6 Growth Mechanism 

4.2.6.1 SiOx and Si/SiOx Core-shell Nanowires 

Based on the results obtained, formation of SiOx and Si/SiOx core-shell nanowires in 

the presence of carbon could be explained using carbon-assisted growth via vapor-solid 

mechanism (Park and Yong, 2004, Gundiah et al., 2003). In this proposed growth 

mechanism for our study, CO gases played an important role in the growth of SiOx 

nanowires and Si/SiOx core-shell nanowires. The proposed reactions that might have 

taken place are as follow: 

2C(s) + 02 (g)~ 2CO(g) 

CO(g) + Si02(~) -7 SiO(g) + C02 (g) 

SiO(g) + o1(g) ~ SiO:c(s),x > 1 

SiO(g) ~Si(s) + Si02(s) 

Si02 (s) ~ SiO:e(s) + 02(g),x > 1 

(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

C atoms from the activated carbon powder were transferred to surface of Si wafer 

during vacuuming. They then reacted with the limited amount of oxygen that existed in 

the activated carbon powder to form CO gases (Equation 4.1). The CO gas was then 

transported to the oxide surface and reacted with the oxide layer to form SiO vapor and 

C02 gases (Equation 4.2). The SiO vapor condensed to form homogeneous amorphous 

SiOx on the surface from the excess oxygen from the oxide layer or the oxygen in the 

activated carbon powder (Equation 4.3). As time passed, more SiO vapor adsorbed 

onto the surface and condensed to form solid that tended to grow in one dimension, 

which led to the formation of amorphous SiOx nanowires (at 1200 °C for 1 h). The 

nanowires were found to be oriented in the same direction as the orientation of Si wafer. 
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For the growth of Si/SiOx core-shell nanowires, it is found that the SiO vapor begins to 

disproportionate into Si and Si02 when it reaches a critical temperature (Hass and 

Salzberg, 1954). Hass and Sulzberg (1954) found that SiOx film began to decompose 

or disproportionate into Si and Si02 starting at 700 °C, while Pan et al. (200la) in their 

work to produce silicon-based nanostructures, found that the critical temperature was 

930 °C. For our case, the critical temperature lies between 1200 °C and 1300 °C. Thus, 

when the temperature was raised from 1200 oc to 1300 °C, the critical temperature was 

reached and the disproportionation reaction took place. The large difference in the 

critical temperature might be attributed to the difference in the pressure maintained 

during the process. Hass and Sulzberg (1954) stated that a good vacuum condition of 

less than 1 x 10-5 Torr was required for the disproportionation reaction to proceed. Pan 

et al. also use a low pressure of 300 Torr throughout the process (Pan et al., 2001 b). In 

our study, the pressure used was higher as compared to the other two. The pressure 

was maintained at atmospheric pressure (760 Torr) throughout the process. 

SiO vapor was obtained from the reduction of Si02 by C. It then disproportionated into 

Si and Si02 solid and deposited onto the surface (Equation 4.4). As soaking time 

increased, more SiO vapor dissociated and condensed onto the surface, leading to an 

increase in the length of the nanowires. SiOx shell was obtained instead of Si02 

because certain percentage of 0 2 was lost into gas phase (Equation 4.5). The slightly 

linear relationship between the diameter of the core and the nanowire could further 

confirmed the formation of Si/SiOx through the disproportionation reaction since the 

reaction [SiO (g)~ Si (s) + Si02 (s)] should produce Si and Si02 in equal amount. 
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4.2.6.2 Growth Mechanism of SiC Nanostructures 

The growth mechanisms of these nanostructures at different locations under different 

carbon amount will be discussed in the subsequent section. 

The growth of SiC/SiOx nanostructures here is quite similar to the Si-C-0 system 

commonly reported and two reactions [Equations 4.6 and 4.7 as shown below] had 

been identified as the most likely reactions that occurred in several intermediate 

processes that included active SiO and CO species (Shim, 2008): 

Si02 (s) + 2C(s) ~ SiC(s) + C02 (.q) 

Si02 (s) + 3C(s) ~ SiC(s) + 2CO(g) 

(4.6) 

(4.7) 

Considering the results, the reactions above and their thermodynamics in terms of free 

energy, the following mechanism for the growth of SiC/Si02 nanostructures based on 

vapour-solid (VS) growth mechanism is proposed. The free energies (G) were 

calculated at atmospheric pressure and at a temperature (T) of 1300°C using the 

equation ~Gr = L\lh - T~Sr, where H and S represent enthalpy and entropy, 

respectively. The properties were obtained from NIST-JANAF thermochemical tables 

(Chase, 1998). 

First, SiO and CO need to be generated in order for SiC formation to proceed. One of 

the possibilities of the formation of SiO is according to Equation 4.8. At 1300°C, 

thermal decomposition of Si02/Si at the interface could proceed via Equation 4.8. 

Although the reaction in Equation 4.8 was not favourable in terms of energy 

calculations, reports had confirmed that this reaction was still possible kinetically at 

high tempemture (> 700°C) when 0 2 partial pressure was low and oxide layer was thin 

(:S 70 nm) (Starodub et al., 1999), as proven in the FESEM images showing etched Si 
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surfaces. The etched surface of the wafer indicated the loss of Si species from the 

wafer (Wang et al., 2001). Another possible source of SiO species was the active 

oxidation of Si wafer, as shown in Equation 4.9, which had been reported to occur at 

high substrate temperature (> 700°C) and low 0 2 pressure (Starodub et al., 1999). 02 

could diffuse through the thin oxide layer and react with the Si beneath. The CO 

species was provided by the reaction between ACP and residual 0 2 in the powder 

according to Equation 4.1 0. 

Si(s) + Si02 (.s) ~ lSiO(g),llG = 164.53 kfimol 

2Si(s)+ 0 2 (n) ~ 2SiO(g),AG = -466.633 ic]fmol 

2C(s) + 0 2 (n) ~ 2CO(B),AG = -499.97 k] /mol 

(4.8) 

(4.9) 

(4.10) 

Higher partial pressure of CO gas at the bottom resulted in diffusion of CO gas 

upwards. As the furnace was heated up to 1300°C, reaction between gaseous SiO and 

CO was possible for the formation of SiC nuclei through Equation 4.11. Although the 

thermodynamics calculations that showed the reaction was energetically favourable for 

temperatures below 927°C (Zhou et al., 2006b), there were few reports that found that 

this reaction was still possible at higher temperatures if it was under a supersaturated 

condition of CO vapour in the reaction chamber (Han et al., 1997, Wang et al., 2008). 

3SiO(g) + CO(B) -:tSiC(s) +2C02 (g) (4.11) 

Furthermore, the reaction between the active species of SiO and CO could also proceed 

near the Si wafer via Equation 4.12, which had been reported to occur under 

supersaturation condition of SiO (Wang et al., 2008). From the reaction, SiC and Si~ 

were formed simultaneously. However, since SiC had a higher melting point than Si02, 

SiC would solidify first and the amorphous viscous Si02 would encapsulate the 
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crystalline SiC, forming the core-shell structures (Silva and Figueiredo, 2001, Luo et al., 

2009, Zhang et al., 2009a). 

SiO(g) + CO(g) ~ SiC(s) + 2Si02 (s),l!1G = -1273.44 kjfmol (4.12) 

According to the results, SiC nanowires were also found at the border when no ACP 

was added. This suggested that SiO could also react with graphite directly through 

Equation 4.13 and 4.14 to form SiC. 

2SiO(g) + 3C(s) ~ 2SiC(s) + C02(B),l!1G = -51.7714 k] /mol 

SiD (g)+ 2C(s) ~ SiC(s) + CO(g),l!lG = -77.7097 kJ!mol 

(4.13) 

(4.14) 

To maintain the SiC formation, there must be sufficient source of CO, which could be 

replenished through Equation 4.15. 

C02{g) + C(s) ~ 2CO(g),l!1G = -103.648 kJ!mol (4.15) 

After the nucleation process, SiC species formed were preferentially adsorbed onto the 

nuclei and further reactions led to the growth of different shapes and sizes of 

nanostructures depending on their locations. The nanoparticles formed could also act 

as nucleation sites for further growth of SiC nanowires. The formation of different 

nanostructures would be discussed in the following section. 

When the furnace was cooled down, SiC formation ceased, which in tum resulted in 

excess SiO species. In the presence of excess SiO species, the following reaction in 

Equation 4.16 would predominate, thereby producing the SiOx nanowires, as proposed 

in oxide-assisted growth of Si nanowires (Zhang et al., 2000b, Pan et al., 200la, Shi et 

al., 2000a, Zhang et al., 2003). 

SiO (g)+ 0 2 (g)~ SiOx (s),. 1 < x S 2 (4.16) 
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Furthermore, the SiOx species formed through reoxidation process in Equation 4.16 

could be adsorbed onto the nanowire surfaces due to larger surface energy of the 

nanowires. Gradual absorption of the oxide species caused the growth of oxide shell. 

Some of SiO droplets on the nanowires would also induce the growth of amorphous 

SiOx branches from the core-shell nanowires since they were energetically favoured 

sites for absorption of SiO vapour (Lin et al., 2009). 

(a) Formation of SiC/SiOx core-shell clusters, nanowires, nanowebs and 

nanocables 

The different nanostructures formed at different locations on the Si wafer could be 

attributed to aerodynamic effects. A small gap existed between Si substrate and 

crucible, creating a narrow path for gas flow towards the outside environment. The 

existence of this narrow gap resulted in a change of the diffusion path of gases, with 

more reactants attracted to the side, trying to diffuse through the gap towards the 

outside environment which had a lower pressure. As a result, there were lower 

concentrations of reactants at the centre of substrate. The lower concentration of 

reactants limited the reaction and thus only small amount of SiC could be produced in 

the form of clusters and in the case of the sample without the ACP source, only small 

amount of SiOx nanowires were produced. With increasing amount of ACP, more CO 

gas was produced. Since CO was the reaction-limiting species in Equations 4.11 and 

4.12 because SiO gas had a never-ending supply from Si wafer, this meant that an 

increase in the amount of ACP might increase the chances of CO gas reaching the 

centre of Si wafer and enhanced the reaction rate, which ultimately led to more SiC 

clusters being formed. 
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At the border where the Si wafer was in contact with the crucible, the small gap 

between them posed as a constriction to the flow of reactant gas. When gases tried to 

pass through the gap, the gases had to flow from a high volume region inside the 

crucible to a low volume region in the gap. The sudden change in volume caused an 

increase in the speed of gas flow and corresponding reduction in pressure based on 

Venturi effect (Lamb, 1953). The increase in gas flow rate reduced the reaction rate as 

a consequence ofhigh removal rate of reactant species along the gap during the 2-hours 

soaking period. Therefore, the SiC cores had smaller diameters as compared to 

nanowires formed at the side of the substrate. Although the SiC cores had smaller 

diameters, they were observed with thick oxide shells. This could be due to the slow 

heat dissipation of the graphite crucible. Graphite, which had higher heat capacity, 

dissipated heat slower as compared to the surrounding environment and thus a longer 

cooling period allowed the SiO adsorption to continue to take place and resulted in a 

thicker oxide shell. 

Due to the close proximity of nanowires and the strong van der Waals forces between 

the nanowires, the nanowires were attracted to each other and formed an aligned bundle 

or intersection of junctions. Further oxide growth and self-organization through surface 

diffusion might cause the oxide shells to merge with one another in order to reduce the 

surface energy, creating the nanocables and nanojunctions in the nanoweb (Lin et al., 

2009, Shim, 2008, Shim and Huang, 2007). Amorphous SiOx nanowires found as 

branches might have grown from smaller droplets of SiO adsorbed onto the shell (Lin 

et al., 2009). These amorphous nanowires then grew in length and bridged the 

separated nanowires and nanocables. The joining of nanowires through "welding" 

could be proven by the lack of lattice matching of the crystalline cores of the junctions 
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in the EFTEM images and the two nanowires appeared to be overlapped through 

welding by Si02. 

The different diameters of the samples at the border could be explained by the increase 

in local pressure in the gap. Higher amount of ACP produced more CO species. Since 

gas flow rate remained constant throughout the length of the gap, higher amount of CO 

species would increase the local pressure in the gap. A slight increase in pressure had 

been reported to increase the growth rate and the diameter of nanowires but a large 

increase would significantly reduce the yield (Zhao et al., 2008, Weng et al., 2010, Fan 

et al., 2001 ). For the sample without ACP, the lack of CO species and reduced pressure 

from higher gas flow rate promoted the growth of large amount of randomly oriented 

nanowires with smaller diameters. When ACP was increased from 0.5 g to 1.0 g, 

increased vapour pressure at that region increased the growth rate due to higher reactant 

concentration and thus, larger diameters of nanowires could be observed. However, 

for the sample exposed to 1.5 g ACP, the high vapour pressure of CO in that region 

increased the local pressure and suppressed the evaporation of SiO species. The limited 

SiO species controlled the growth of the nanowebs and thus only thin nanowebs could 

be observed. 

At the side, the growth of SiC/SiOx randomly oriented nanowires could be explained as 

follow. When reactant species exited the gap, gas flow rate decreased due to an 

increase in volume based on Venturi effect. The sudden speed reduction caused the 

reactant species to be accumulated near the crucible and increased the chances for SiC 

formation to take place at that particular reaction site. Thus, thicker cores were 

observed as compared to the border. The flow of Ar gas limited the diameter of oxide 

shell because of the constant gas flow that might remove excess SiO species during the 

cooling process. As for the nanowire clusters formed in sample exposed to 1.5 g ACP, 

66 



the nanowires were found originating from a single spot, which is quite similar to the 

nanostructures formed according to vapour-liquid-solid (VLS) mechanism where a 

single metallic catalyst droplet could induce the growth of several nanowires (Wagner 

and Ellis, 1964). Here, no metallic elements were detected along the nanowire clusters, 

as shown in Figure 4.17( c) and (d). Thus, this suggested the nanowires were self

catalytic, as reported by Zhang et al. (Zhang et al., 2009b) but it differed from the 

normal VLS mechanism since no Si-rich droplets were found at the tips ofnanowires. 

(b) Formation of SiC Nanorods and SiC Nanocolumns 

The growth of SiC nanorods and nanocolumns on the same substrate could also be 

explained by the aerodynamics effect. However, since the soaking time was only 1 

hour, the aerodynamics effect was not that significant and the reaction time was shorter 

as compared to that in the case of 2-hours soaking time. This resulted in the growth of 

only SiC nanorods and nanocolumns. 

Similar to the mechanisms proposed for the growth of SiC/Si02 clusters, nanowires and 

nanowebs, the SiO and CO species were attracted to the side of Si substrate due to the 

pressure difference in the crucible and the outside environment. This led to lower 

concentrations of reactant species at the centre and higher concentrations of reactant 

species at the sides of the silicon wafer. 

At the centre of the silicon wafer, the reaction between SiO and CO in Equation 4.11 

predominated, forming SiC and C02. This observation could be proven by the lack of 

oxide layer on the SiC nanorods, as shown in the EFTEM image in Figure 4.8. The SiC 

species formed were then deposited onto the Si substrate and formed SiC nuclei. Due to 
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lower concentrations of reactant species, limited SiC was deposited onto these nuclei 

and thus straight nanorods with smaller diameter were formed. 

While at the side of the silicon wafer that was in contact with crucible, the higher 

concentration of reactant species caused an increase in SiC formation rate based on the 

reactions between SiO and CO in Equation 4.11 as well as the reactions between SiO 

and C in Equations 4.13 and 4.14. This resulted in the agglomeration of the SiC 

clusters formed from the deposition of SiC onto the existing nuclei, creating a thick 

faceted and spherical SiC layer. The presence of SiC layer on top of the oxidized 

silicon wafer might reduce the dissociation of the Si02 layer, thereby limiting the 

reaction between SiO and CO. However, nanocolumns could still be observed, this 

meant that the mechanism involved in the growth of these nanocolumns differed from 

the mechanism proposed for the growth of nanorods or the nanowires. Further reactions 

were involved in the growth ofnanocolumns. 

The growth mechanism of the SiC nanocolumns were similar to that reported by 

(Cheong and Lockman, 2009a, Mohd Halil and Cheong, 2008, Cheong and Lockman, 

2009b ). CO gas had to diffuse deeper through the SiC layer into the Si02 layer or Si 

wafer below and reacted with them. CO gas then reacted with Si02, forming more SiO 

species (Equation 4.17) for further reaction with CO to form SiC (Equation 4.11) or it 

might have reacted with solid Si to form SiC directly (Equation 4.18). 

Si02 (s) +CO (g)~ SiD (g)+ C02 (g) 

Si (s) + CO (e)~ SiC (s) + O(g) 

(4.17) 

(4.18) 

The difference in molecular size of SiC and atomic size of Si or Si02 caused a 

redistribution of the atoms and molecules in the lattice laterally and/or vertically, so 

68 



that the induced strain could be relaxed. The spherical and faceted SiC layer structures 

were then transfonned into pyramid-like structures with stacked SiC layers, fonning 

polygonal SiC nanocolumns. 
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CHAPTERS 

CONCLUSION 

In this chapter, conclusions were drawn and recommendations were suggested for 

future works. 

5.1 Conclusion 

The objectives of this research were achieved and final remarks based on the objectives 

are shown as follow: 

1. Different Si-based nanostructures, namely Si/SiOx core-shell nanowires, SiOx 

nanowires, SiC nanorods, SiC nanocolumns, SiC/Si02 core-shell nanowires, 

SiC/Si02 core-shell nanocables and nanowebs, were successfully synthesized 

using direct growth on Si substrates depending on the oxidation time, amount of 

activated carbon powder and growth locations on the Si substrates. 

2. SiOx and Si/SiOx core-shell nanowires were formed when the oxidation time was fixed 

at 24 min while exposed to 0.5 g activated carbon powder. SiOx nanowires were 

formed at the growth temperatures of 1200 °C whereas Si!SiOx core-shell nanowires 

were formed at growth temperatures of 1300 °C. As the soaking time increased from 1 

h to 4 h, the Si/SiOx core-shell nanowires increased in amount and length, though the 

change in the diameters of the nanowires was not significant due to constraints by the 

oxide layer. 

3. SiC nanorods and nanocolumns were successfully synthesized at 1300°C and at 

a soaking time of 1 hour while exposed to 0.5 g activated carbon powder. As 

the oxidation time was increased, an increase in the amount of nanorods and 
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nanocolumns could be observed but ultimately led to agglomeration of these 

nanostructures into SiC clusters or SiC layers. SiC nanowires were also found 

only at an oxidation time of2 min. 

4. When the soaking time was increased from 1 hour to 2 hours while the 

experiment was fixed at an oxidation time of 2 min, a growth temperature of 

1300°C and an activated carbon powder amount of 0.5 g, the products changed 

from SiC nanorods and nanocolumns to SiC/Si02 core-shell nanostructures in 

the form of clusters, nanowires, nanocables and nanowebs. 

5. SiC/Si02 core-shell nanostructures in the form of clusters, nanowires, nanowebs 

and nanocables were formed along with side products of Si/SiOx or Si 

nanowires and SiC nanoparticles. When ACP was increased to 1.0 g ACP, the 

diameter of nanowires increased but then started to decrease with further 

increase to 1.5 g ACP. The fluctuation of the diameters with increasing ACP 

amount was due to the increasing vapor pressure of CO produced. Addition of 

ACP also resulted in the formation ofnanowebs and nanocables. 

6. The growth of all these Si-based nanostructures was correlated to vapor-solid 

mechanism though the reaction kinetics differed for each product formed. The 

difference in nanostructures formed at different growth locations was a result of 

the aerodynamic effects created by pressure difference between the inner 

crucible chamber and the outside environment, and increased reactant gas flow 

rate in the gap. 
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5.2 Recommendations for Future Work 

Several suggestions for future works in order to understand further the growth of Si

based nanostructures and to improve the synthesis method are listed as below: 

1. Up scaling production of Si-based nanostructures using direct growth method. 

2. A study on the properties of the Si-based nanostructures produced in terms of 

electronic properties and photoluminescence properties. 

3. Development of applications for the Si-based nanostructures such as 

nanoelectronic devices or optical sensors. 
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