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ABSTRACT

QQuasi one-dimensional Si nanowires ( SiNWs) have
aroused much attention recently since SINW is one of the
most promising candidates for future nanoscale functional
semiconductor materials. Many synthesis methods have
been developed in order to obtain SINWs in large scale at
low cost. Among these methods, the laser ablation method
is the most promising method. It is because this method
can produce various free-standing nanoscale materials in
high yield and purity with controllable experimental condi-
tions.

More recently, we have achieved large scale synthesis
of SINWs with high purity by the laser ablation method.
The yield and linear growth rate could reach 30 mg per
hour and 500 microns per hour respectively. The SiNWs
deposits were characterized by X-ray diffraction ( XRD),
Raman, energy dispersive X-ray spectroscopy ( EDS),
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transmission electron microscope (TEM) and high-resolu-
tion transmission electron microscope ( HRTEM).

TEM study showed that the SiNWs were extremely
long ( millimeters in length) and highly curved, with a
typical diameter of about 16 nm. Each nanowire consisted
of an outer layer of Si oxide and a crystalline Si core. A
high density of defects, such as stacking faults and mi-
crotwins, has been observed in the crystalline Si core. As
identified with selected-area electron diffraction ( SAED)
and HRTEM, the axes of the nanowires generally lay along
<112 > directions, and the {111} surfaces of the Si crys-
talline core were parallel to the axis of the nanowire.

In general, over 95% SiNWs have smooth surfaces
and uniform diameters. However, in addition to this nor-
mal form of SiNWs, four other different forms of the
nanowires, named spring-shaped, fishbone-shaped, frog-
egg-shaped, and necklace-shaped SiNWs, were also ob-
served. The morphologies of these nanowires were studies
by TEM.

We found that the presence of oxides in the target is
an important ingredient for the synthesis. Upon laser abla-
tion, various kinds of semiconductor oxides would be gen-
erated. Subsequent decomposition of the vapor-phase ox-
ides at high temperatures plays a crucial role in the nuclea-

tion and growth of the nanowires. In the case of pure Si
2



target, SINWs can also be synthesized from metal-, SiO,-,
Fe,0,-containing Si targets or directly from SiO powder.
[rrespective of the oxide type contained in the target, the
resulting nanowires show no difference in their morphology
and microstructure.

This oxide-assisted growth mechanism has been suc-
cessfully extended to other synthesis methods, such as
thermal evaporation, hot-filament chemical vapor deposi-
tion ( HFCVD ), microwave chemical vapor deposition
(MWCVD) ete. It can also be used to synthesize other
semiconductor nanowires, such as Ge nanowires.

As the SiNWs have ultrafine tips and are promising
materials for electronic applications, such as cold-cathode
field-emission device, we have also studied its field emis-
sion properties. The turn-on field of SiNWs is 15 V/pm
which is comparable to those of other field emitters inclu-
ding carbon nanotubes and diamond. It is anticipated that
the field-emission characteristics of SINWs may be im-

proved by oriented growth.
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INTRODUCTION

1.1 Silicon and its significance

Silicon (Si) is the most important material in today’s
information age. The hearts of computers and many other
electronic products are integrated circuit (1C) chips made
of Si material. Si is one of the most studied elements in the
periodic table. Si is the second element to oxygen in abun-
dance and Si compounds comprise 25% of the Earth’s
crust. ' So device grade Si costs much less than other semi-
conductor materials and very-large-scale integration ( VL-
SI) becomes synonymous with well-established Si VLSI
technology. *

In term of structure, Si is a material where the silicon
atoms are bonded with four neighbours and this situation is
periodically repeated in exactly the same way. The equilib-
rium phase of crystalline semiconductor silicon under nor-

mal pressure and temperature conditions has the diamond
1



cubic structure as schematically shown in Figure 1. This
structure can be viewed as two interpenetrating face-cen-
tered cubic (fcc) lattices. The lattice constant “a” is
0.543 106 3 nm.* Other forms of silicon which -are com-
monly used during IC processing are amorphous and crys-
talline and polycrystalline silicon mostly deposited by
chemical vapor deposition (CVD) techniques. Under cer-
tain conditions small clusters of hexagonal silicon, which is
a high pressure phase of silicon, have also been observed
in silicon substrates after low temperature processing. A
number of other high pressure silicon phases obtained un-
der extreme pressure conditions are also reported in the lit-
erature, some of them having metallic or even supercon-

ducting properties. *

Figure 1 A schematic diagram of silicon lattice



Properties of silicon have been extensively studied.
Electronic properties are the most important ones among
them. The main properties of intrinsic silicon are listed in
Table 1.° Other properties including optical and thermal
data can be easily found in textbooks.® These properties
describe the characters of bulk silicon, or three-dimension-
al silicon. The properties can be accurately determined be-
cause large scale synthesis of high purity bulk silicon mate-
rials have been achieved. As the base material of nano-
electronics, large scale synthesis of one-dimensional sili-

con material or Si nanowire (SINW) has aroused much at-

tention.
Table 1 Properties of intrinsic silicon

Atomic number 14
Atomic weight 28. 1
Density/ (g/cm’) 2.33
Relative permittivity 11.9
Atoms/cm’ 5.0 x10%
Energy gap E, at 0 K/eV 1.21
Energy gap E at 300 K/eV 1.12
Resistivity at 300 K/} - cm 2.30 x10°
Electron mobility u, at 300 K/[ em®/(V - s) ] 1500




Continued

Hole mobility p at 300 K/[ em’/(V-s) ] 475
Intrinsic concentration at 300 K/em 1.45 x10"
Electron diffusion constant D, at 300 34
K/ (em?/s) i

Hole diffusion constang D, at 300 K/ ( em’/s) 13

1.2 Overview of one-dimensional materials

Considerable interest has been aroused recently by the
successful synthesis of various nanotubes and nanorods ma-
terials. Si nanowires is one of the most important nano-
rods. The large scale synthesis of Si nanowires in the pres-
ent work is in fact stimulated by the recent progress in the
synthesis of carbon nanotubes. So the progress in the re-
search of carbon nanotubes is briefly reviewed here.

In 1991, lijima of NEC corporation published a paper
in Nature magazine entitled * Helical microtubules of
graphite carbon”.” Carbon nanotubes ranging from 4 to 30
nm in diameter and up to 1 wm in length were synthesized
by an d. ¢. arc-discharge evaporation method similar to
that used for Cy, * ™' Nanotubes appeared perfectly graphi-
tized and capped at both ends with pentagons, just like the
fullerene molecules. Most important of all, lijima noticed
that the carbon atoms in each nanotube’s closed shells were
arranged with various degrees of helicity, i. e. the path of
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carbon bonds formed a spiral around the tube.

This discovery excited the whole science community.
From a material point of view, carbon nanotubes were seen
as the ultimate fiber with an exceptional strength-to-weight
ratio. Theoretical scientists revealed that the nanotube
would be either a metal or a semiconductor, depending not
only on the diameter but also on the helicity. "' ™" As with
carbon fibers, perhaps the most important potential appli-
cation of carbon nanotubes is based on the use of their me-
chanical properties, in particular their high strength-to-
weight ratio. Nevertheless, nanotube can offer intriguing
possibilities for materials science. Its inner hollow cavity
can serve as a nanoscale test tube or mold, while the outer
shell could be decorated to yield catalysts with unique
properties due to the high curvature. '* Capillarity work on
metal oxide has been done by Ajayan et al.” ™" At the
same time, organic solvents wetting experiment was com-
pleted by Tsang et al."® They used nitric acid HNO, to
open the nanotube tips by oxidation and fill the nanotube
with a metallic compound dissolved in an acid. In other
words, the nitric acid acts first as a tube opener and then
as a low surface tension carrier to introduce material inside
the nanotube that otherwise would not have gone in sponta-
neously. This technique should be very useful for filling
nanotubes with a variety of materials. Besides nanotubes
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can also have applications in other areas. Experiments in-
dicate that nanotubes can be used as atomic-scale field

emitters,'”* pinning material in high-T, superconduc-

«

, . . . 2
nanoprobes in scanning probe microscopy™ and co-

tors, :
herent electron source™.

Therefore, low cost methods for producing large quan-
tities of perfectly graphitized nanotubes are needed for such
applications. Responding to the need, Ebbesen and Ajay-
an in the same laboratory of lijima presented a paper enti-
tled “Large-scale synthesis of carbon nanotubes” in Nature
magazine. > They use a variant of the standard arc-dis-
charge technique for fullerene synthesis under helium at-
mosphere. Discharge occurs between two graphite rods of
different diameters. On the large graphite rod, a rod-
shaped deposit formed and it contained nanotubes in gram
quantities. The diameter of the nanotubes ranges from 2 to
20 nm, whereas the lengths are several microns. The tips
of the tubes are capped with pentagons as reported by liji-
ma. > This large scale synthesis of nanometer fibrous mate-
rials with large aspect ratios of length/diameter, such as
the carbon nanotubes, is of importance in materials sci-
ence. ** Large quantities of carbon nanotubes can also be
produced by another methods, such as thermal deposition

of hydrocarbon or CVD.*"* b

A few years after discovery of carbon nanotubes, a



paper entitled * Large scale synthesis of aligned carbon
nanotubes” appeared in Science magazine at the end of
1996. * In this paper, Li et al. reported the large quanti-
ties synthesis of aligned carbon nanotubes using a method
based on thermal deposition of hydrocarbons catalyzed by i-
ron nanoparticles embedded in mesoporous silica. SEM
images show that the nanotubes are approximately perpen-
dicular to the surface of the substrate with spacing between
the nanotubes of about 100 nm. The nanotubes are up to
about 50 pwm long and well graphitized. Except arc-dis-
charge and thermal deposition methods, laser ablation of
graphite can also produce carbon nanotubes. ™" The ad-
vantage of this method is that high quality carbon nano-
tubes can be produced in higher yield. This is the reason
why this method is used here to synthesize Si nanowires.
Success in carbon nanotube research led to discover-
ies of other kinds of nanotubes and nanorods. BN *** and
BCN™ nanotubes have been synthesized by arc-discharge
method while MoS,™ nanotubes have been produced by
CVD method of the gas-phase reaction between MoO,
and H,S in a reducing atmosphere at elevated tempera-
tures. Carbide nanorods including TiC, NbC, Fe,C, SiC
and BC, have been produced by converting carbon nano-
tubes into carbide nanorods by reaction with volatile oxide

; .37
and/or halide species.



1.3 From three-dimensional to one-dimen-
sional silicon

As a kind of nanorods, researchers also believe large
scale synthesis of Si nanowires is possible and success in
this field may change our life. Microelectronics, which
change our life from TV to computer, is so-called because
it is based on device dimensions of a few microns. Nano-
electronics will become the successor of microelectronics
when dimensions of future generation electronic devices
can be greatly reduced into size of nanometers.

From the view point of materials, the base materials
of microelectronics is three-dimensional silicon, 1. e. bulk
silicon. The base materials of nanoelectronics may be one-
dimensional silicon. Hence, studies on the optical and
electronic properties of semiconductor nanocrystallites,
have attracted much attention. Recently, the discovery of
efficient visible luminescence in Si*, Ge* and SiC* nano-
crystallites has stimulated considerable efforts in under-
standing the optical properties of semiconductor nanocrys-
tallites. In particular, the room-temperature photolumines-
cence of porous silicon” aroused a great interest. Porous
silicon obtained by anodic etching of monocrystalline sili-
con in hydrofluoric ( HF) acid,* show strong lumines-
cence in the visible range at room temperature. This char-
acter is different from bulk silicon which emits only ex-
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