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Growth and Characterization of Titanium Silicide Nanostructures

Student: Huang-Kai Lin Advisor: Dr. Hsin-Tien Chiu
Dr. Chi-Young Lee

Institute of Applied Chemistry, National Chiao Tung University

Abstract

Recently, synthesis of various metal silicide nanowires (NWSs) has raised many
attentions due to their excellent physical properties.In this work, we demonstrate the
synthesis of titanium silicide nanowires,.nanoplates, and thin films via a unique
chemical vapor deposition process, using TiCl, and Ti powder as the precursors,
without the usage of template~and catalysts. Field emission properties, growth
mechanism of these titanium silicide samples were also investigated.

Titanium silicide NWs, including single crystalline TisSiz NWs and.crystalline
TiSi NWs, were prepared by reacting titanium subchlorides TiCly (x = 1-3), generated
by the reaction between TiClyg) and Ti metal in the high temperature zone at 1173 K
initially, and the Si substrates in the lower temperature zone at:723 - 1073 K. The
diameters of the nanowires are.20 - 80 nm, and the lengths are several micrometers.
The growth directions of the TisSi; and TiSi-NWs are determined to be along the [001]
and [010] axes, respectively. An amorphous titanium silicide interlayer was observed
between the NWs and the C54-TiSi, film. This interlayer, probably existed as a
quasi-liquid thin film during the growth, appears to be the key factor to assist the NW
development.

The C49 TiSi, nanoplates on Si substrate were obtained at a low TiCl, vapor
pressure condition. The preferred basal plane of the C49-TiSi, nanoplates was

determined to be parallel to the (010) plane. This could be attributed to the anisotropic

v



crystal structure nature of the C49-TiSi,. The characterization and the growth
mechanism of the two-dimensional nanostructure will be discussed below. Comparing
with preferred growth direction the titanium silicide NWs, [001] and [010] for TisSis
NWs and TiSi NWs, respectively. The crystal structure nature takes an important role
on the growth of anisotropic nanostructures.

The field emission properties of the titanium silicides samples have been studied.

The results show that the field emission performances are highly dependent on the

morphology and crystal stru , 1d thin films. The high aspect ratio
nature of the NW. ion properties. The
field emission p -TiSi, thin film

demonstrat [ 5 ' C i hancement

faCtor B of- 81 espectively. | nese rema 2 [€E . tltanlum
silicide nanoemitters 3 e field emission

devices.
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Chapter 1

Introduction

1.1 Introduction

Transition metal silicides, intermetallic compounds between metals and silicon,
show unique and various physical and chemical properties that are important in both
scientific and engineering aspect; especially for Si based integrated circuit devices.*
Among the most studied silicides, such.as silicides of Ti, Cr, Fe, Co,.and Ni, titanium
silicides show high thermal stability, low electrical resistivity, low work function, and
low density.®*® Thus, many-efforts have been devoted to'the. researches about the
application of titanium silicides.

Novel physical and chemical properties are often obtained when dimensions of
the materials are reduced to nanescale.: One-dimensional nanomaterials have attracted
tremendous:amounts of attention for technological applications, such as sensors,’ laser
devices,® and electrical:systems.” An increasing effort has been devoted to fabricating
nanomaterials for < new . field. emitters, such as..GNTS (carbon nanotubes),™®

1213 metal

nano-diamond coated Si nanowires (NWs);**"SiC NWs and nanotubes,
oxides'* and metal silicides. Recently, many studies about the fabrication of free
standing silicide nanowires of Ti*** V,® Cr, % Mn,%3 Fe 323 Co,%4 Nj,*8
Ta,>*® and Pt®*® have been reported because of their superior properties and
compatibility with Si based integrated circuit devices. Among them, titanium silicides
are potential candidates for building blocks for nanoelectronics and field emission

devices due to their relative low resistivity (10 — 60 uQ cm), high thermal stability,

and low work function.>>® For titanium silicide NWs, the fabrication of TiSi,



NWs, 22 TiSi nanopins,'®'” and TisSis nanobats®* through various processing
techniques, including chemical vapor deposition (CVD) and physical vapor deposition
(PVD), have been demonstrated recently.

In this dissertation, we will reveal the growth of different kind of titanium
silicdes samples, including TisSis NWs, TiSi NWs, C49-TiSi, nanoplates and titanium
silicides thin films (C49-TiSi, and C54-TiSi,) via a unique CVD process.®
Microstructures, growth mechanism and and field emission properties of the titanium

silicdes NWs and thin films will be.discussed in detail.

1.2 Metal Silcide

Metal.silicides have attracted attention because their superior properties, such as
low and metal-like resistivities (uQ2cm — mQcm) and high thermal stability, which
could meet the requirements for modern Si-based electronic: devices.® The most
studied silicdes are NiSi,, CaSiy, TiSl,, and FeSi,. NiSi; has the best lattice mach to
silicon, CoSl, and TiSi, possessed low resistivities and often used In the electronics
devices. FeSiy 1s.a direct energy gap semiconductor with a small gap of 0.87 eV. The
physical properties of the.most used metal silicides are listed in Table 1.1. The
applications of metal silcides are:summarized as below: (1) diffusion barrier,®”® (2)

ohmic contact and interconnect,”®™ (3) Schottky diode,” (4) polycide gate,”*" (5)

74,75 76-78

multilevel metallization,”*" (6) shallow silicide contact,® (7) epitaxial silicides,

,9%% and (9) photovoltaic application.?* Besides, for many

(8) thermoelectric materia
metal silicides, varying the synthesis conditions could alter the metal to silicon
composition ratio and the crystal phase. Consequently, properties of the silicides are

changed as well. Thus, it is possible to prepare silicide samples with diverse properties

within one reaction system.



Table 1.1 Physical properties of some common used metal silicides.

Silicides | Space group | M.P. Resistivity | Density |Microhard-
(K) [(rQem)  [(g/cm3) |ness (GPa)
TiSi, Fddd . 1773 10-20 4.07 7.7-8.9
(C54) Orthorhombic
FeSi, P,/mmm 1493 [Semicon- [4.99 10-13
Tetragonal ductor
CoSi, P2,3/mmm 1599 15 4.9-6.65 [0.77-9
Cubic
NiSi, |Fm3m 1266 |10-35 4.8 2-15
Cubic
CrSi, P6,22 763 Semicon- _{4.98 11.3
Hexagonal ductor
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Figure 1.1 Binary phase diagram for Ti-Si system.?



1.3 Titanium Silcide

Among the most studied silicdes, titanium silicides show higher melting points
low electrical resistivities, and lower density, which made them good candidates for
electronics technology. According to binary phase diagram of the Ti-Si system, shown
in Figure 1.1, several titanium silicides with different compositions, such as Ti3Si,
TisSis, TisSia, TiSi and TiSi,, could exist in the Ti-Si system.®? Besides, there are two
crystal polytypes of TiSiy, one is the.metastable C49 phase and the other is C54 phase.
The crystal parameters ‘and physical-properties of those titanium silicides are

summarized in Table 1.2.°

Table 1.2 Crystal parameters-and-physical properties of the titanium silicides.®

Silicides | Space group | Lattice constants (A) M.P. | Microhard-
a b c (K) | ness (GPa)
Ti;Si P4,/n 10.39 517 |1443
Tetragonal
TisSi; | P6;/mem 7.46 5.15 12403 9.8
Hexagonal
TisSi, P4,2,2 |6.71 12.17 | 2193
Tetragonal
TiSi Pnma 6.54 |3.63 (4.99 |1843(10- 18
Ortherhombic
TiSi, Cmcm 3.62 |13.76|3.60 (1773 |-
(C49) Orthorhombic
TiSi, Fddd 8.26 (8.55 (4.79 (1773|7-8
(C54) Orthorhombic

1.3.1 Structure and Properties of Titanium Silicide

The structure parameters and some physical properties of titanium silicides are
summarized in Table 1.2. The structures of TisSis, TiSi and C54-TiSi,, which were

obtained in this work, are illustrated as below.®® Figure 1.2 shows the projection of the

4



crystal structures for the titanium silicides. The bigger circles denote Ti atoms and the
smaller ones are Si atoms. The shading of the circle indicates the height above the
projection plane. From white to black represent 0, 1/4, 1/2, and 3/4 of the lattice
vector normal to the plane. TisSiz possesses a hexagonal structure (MnsSis type) with
space group of P6s/mcm and lattice constants of a = 7.4610 A and ¢ = 5.1508 A .
Figure 1.2a shows the ab projection and side view for TisSis. There are two
independent crystallographic sites of Ti atoms in the TisSiz. These correspond to the
white and dark gray (1) and the black-and light gray (2) circles. Ti; has two Tij first
neighbors, six Si second neighbors, and six Ti, third neighbors. Ti, has two Si first
neighbors, three Si second neighbaors, two Ti, third .neighbors, four Ti, fourth
neighbors, andfour Ti, fifth.neighbors. Si‘has two Ti, frist neighbors, four Ti;, second

neighbors;.three Ti, third-neighbors, and four Si fourth neighbaors. Figure 1.2b
displays the orthornombic TiSi structure with space group of Pnma. The lattice
constantsarea = 6.54 A, b =3.63 A, and c =4.99 A . Each Ti atom has seven Si atoms
in the range of 4.92 — 5.15 A and six Ti atoms. at 6.06 A. The Si atoms have two
nearest Si atoms and eight neighboring Ti atoms. Figure 1.2c demonstrates the ab
projection for C54 TiSip. The structure is face-centered arthorhembic with space
group of Fddd. The lattice latticeeonstants are.8:26 A,8.55 A and 4.79 A for a, b,
and c, respectively. The layer structure is an ABCD stacking of equivalent planes. Ti
has four Si first neighbors, four Si second neighbors, two Si third neighbors, and four
Ti fourth neighbors. Si has two Si first neighbors and two Ti second neighbors. TisSi3
has the highest melting point of 2403 K in the titanium silicides. On the other hand,
C54-TiSi, has the lowest electrical resistance and is most used in electric device. In
the aspect of integrated circuit, TiSi, possessed some attractive properties: (1) low
resistivity (10 — 20 umcm), (2) resist of oxidization, (3) better depression of hot

electron than poly-Si made gate devices.
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Figure 1.2'Crystal structures of the titanitim silicides.®> (a) ab projection-and side view
for TisSis crystal structure, (b) be projection for TiSi.crystal structure, (c) ab projection
for C54 TiSis.

1.3.2 Synthesis of Titanium'Silicide

In order_to apply titanium_silicide to gate metallization, device interconnection,
or Schottky diode, synthesis of thin film titanium silicides are required. There are
three common used methods. to fabricate titanium-silicides thin films. First is the
evaporation,®* second is sputtering,® the last is chemical vapor deposition (CVD).%°
The Both evaporation and sputtering are physical methods. These two methods
require two experimental steps, first is deposition of Ti or codeposition of Ti and Si on
Si substrate. After that, the samples were annealed at high temperature to form
silicides. In general Ti/Si thin film system, a thin layer of amorphous Ti,Siy will be
formed between Ti/Si interfaces after deposition at room temperature.®” After
annealing at around 673 K, the amorphous layer becomes thicker.®® At higher

temperatures, TisSis, TisSi4, TiSi and C49-TiSi, along with amorphous Ti,Siy layer are
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formed. When the temperature was rised to 973-1073 K, C54-TiSi, will be the only
existing phase.!” Unfortunately, the annealing procedure usually damages the
electronic devices. In the CVD method, by reaction between metal halides (TiCly,
WFs, etc) with silane or silicon chlorides, the reaction temperature could be lower and

the annealing process is no longer necessary. Some examples of synthesis of titanium

silicide thin film are shown below; %!
_ _ 1173 - 1573 K N
TiCl, + 2SiCl, + 6H, > TiSi, + 12HCI (1.1)
1073 - 1273 K
TiCl, + 2SiH}Cl, +2H; . TiSi,# 8HC|  (1.2)
_ _ 873 - 1073 K . _
TiCl, +BSiH, > TiSi,  4SiH,Cl +6H, (1.3)

As a-consequence, CVD seems to be proper method to synthesis titanium
silicides. However, the reactions required some explosive materials, such as SiH, and
H,. A unigue CVD of titanium silicides was invented by Lee in 1999.°® The reaction
pathway is-proposed to the.reaction between the in_situ generated TiCly(x=1-3),
through reaction between TiCl, and Ti metal, and. the Si substrate.. This method

provides a safe and easy way to synthesis titanium silicide.

1.4 Metal Silicide Nanowires

One-dimensional nanomaterials, such as wires, rods, belts, and tubes have
demonstrated to possess distinct properties from their bulk materials. Furthermore,
with the advancement in electronic technology, the dimensions of the electronics
devices continue to scale down. Therefore, fabrications of metal silicide
nanomaterials have turned into essential research topics. Most silicide compounds

have multiple stoichiometries and complex phase behavior, rational and universal



chemical synthesis of silicide nanostructures can be quite difficult. Recently, growth
of variety of silicide nanowires has been reported. These NWs could be grouped into
two types: One is the epitaxial grown silicide NWs, which were lying on thy Si
substrates. The other is the free standing silicide NWs, which is easier to be applied
on electronic devices. The self-assembly epitaxial of rare-earth silicide NWs on Si
was first shown by Preinesberger et al.”>®® A sub-monolayer coverage of Dy on Si
(001) results in the formation of nanowires under certain condition. Similar results
were then discovered for Er,* Ho, Se, and'Gd® silicides..The growth of the NWs is
originated from the anisotropic lattice mismatch that 1s'small in the long direction and
large in the short direction. Epitaxial metal silicides NWs have also been observed in
another system, such as Co/Si,%" Fe/Si, ®wand Ti/Si,* which shown the “endotaxial’
growth mechanism. The endotaxial mechanism does not require anisotropic lattice
mismatch; 1t allows for a variety of metal and substrates and i1t allows tuning of the
NW aspect ration via the growth temperature.

From.the practical aspect; freestanding. silicides NWs possess great potential than
the epitaxial ones. More recently, several techniques have been used.to synthesize
free-standing silicide NWs, and could be classified into four.groups: silicidation of Si
NWs or Metal NWs, deposition of:Si.source on.metal films, reaction between metal
vapor sources and Si substrates, and deposition of metal and Si on the substrate
simultaneously. In addition, the application of the free-standing silicide NWs will be

reviewed below.



1.4.1 Synthetic Methods of Metal Silicide NWs

1.4.1.1 Silicidation of Si or Metal NWs

First technique involves taking Si NWs or metal NWs as templates and then
reacting with their complementary elements, such as metal for Si NW and Si for metal
NW. Through this concept, single crystalline PtsSis NWs were fabricated through
reaction between polycrystalline Pt NWs, synthesized using anodic aluminum oxide
(AAO) templates by electrochemical deposition;.and SiCl./H,. And this is the first
report of transition metal silicide NWs.®*However, the reason. for the transformation
of polycrystalline Pt NWs into single crystalline PtsSis NWS is.under investigation.
Other researches have shown-fabrication of silicide NWs by evaporating metal, such
onto the Si.NWs template,-synthesized ithrough typical Au nanoparticle-assist VLS
process. After annealing, metal silicide NWs were produced through solid state
reaction. 'NiSI NWs was first prepared and reported by Lieber et al. In addition,
epitaxial ;hetero junctions of NiSi/St _NWSs were obtained and the NWs based
field-effect transistors were also demonstrated.** Similar methods were applied to
synthesize FeSiy NWs*: and PtSi NWs. 2% “Lately, in<situ. high-resolution
transmission electron microescopy (HRTEM) have exhibited powerful ability to study
the kinetics of silicidation process.. Si/stlicide NV heterostructures were prepared by
in situ annealing for point contact reaction between Si NWs and transition metal NWs,
Ni®® or Co,®® in an in-situ TEM. Si NWSs were fabricated through Au nanocatalyst
VLS method, while metal NWs were prepared via electroplating deposition Ni or Co
into AAO template. The results showed distinct diffusion behavior. Despite the low
throughput as a synthetic technique, silicidation of single Si NW is a powerful method
to study the silicidation process and may reveal the growth mechanism of other metal

silicide NWs.



1.4.1.2 Deposition of Si Sources on Metal Films

Vapor-phase synthetic routes between metal vapor phase and Si thin film or Si
vapor deposition on metal thin films and to spontaneously form various single
crystalline metal silicides NWSs. These synthetic methods are simple and become
popular methods to fabricate silicide NWs. In addition, they are commonly obtained
without the presence of the catalytic metal nanoparticles on the NWSs. The first
reported silicide NWs through vapor-phase reaction between Si vapor source and
metal thin film was NiSi,INWSs, which was demonstrated by Solanki et al. in 2004.%®
The NiSi, NWs was obtained by reaction between the SiH, and the Ni thin fiim.
Several NiSix NWSs with different crystal phases (NiSip,”® NiSi;**>* Ni,Si %4>
Ni3Sis, *° NiagSiso,> and NisSi®®).were also reported recently. The growth mechanisms
of most of.the NiSix NWs are seldom discussed. Taking NizSi NWs for example, SiH,
decomposes and deposits on the Ni film to grow Ni,Si nanocrystals. As the reaction
progress, elongation of the ‘nanocrystals shrinks the sites on the surface for Ni
diffusion. After the Ni incorporation rate matches.the Si deposition, NizSi NWs are
formed.>” On the other hand, NiO, layer, serving as a diffusion barrier for Ni, was also
regarded as an important key to the NiSix NWs growth and.was reported by Jo et al.
Except NiSix NWs, TisSis nanobats. were fabricated on Ti foil via a vapor and
condensation method with Si'powder keeping at high temperature zone of 1373 K and

Ti foil at low temperature zone of 1173 K.

1.4.1.3 Reaction between Metal Vapor Sources and Si Substrates
Recently, some free-standing metal silicide NWs were fabricated by reacting

pure metal vapors or anhydrous metal halides with Si substrates directly. TaSi, NWs

were prepared through annealing samples composed with FeSi, thin film or FeSi,

nanodots on the top of Si substrates in a Ta atmosphere.>*® Ta atom was deposited
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and reacted with the Si atom, segregated from the FeSiy part, to form TaSi,
nanocrystals. Under proper condition, certain facets shown preferred growth and
one-dimensional nanostructure was observed. TiSi; NWs were first synthesized by a
vapor deposition of Ti vapor onto the Si substrate in 2005.*> Anhydrous metal halides
were commonly used as the transition metal sources to react with Si substrate to grow
silicide NWs. For example, FeCl; was vaporized at about 473 K and reacted with the
Si substrate at 1373 K to form FeSi NWs.*? Through this simple concept, NWs of
TiSip,?° TiSi, TisSis, "% CrSiy,?°%« FeSi** «FesSiz® €oSi*"** Co,Si,*"* and
Fe11.,C0,Si*® were fabricated. To date, no convincing mechanism has been porposed.
Vopor-solid (VS) mechanism is usually employied to explain‘the NW growth, since
the supersaturation condition..of the metal halides shows great influence on the

morphology.and crystal phase of the NWs.

1.4.1.4 Deposition of Metal and Si on the Substrates Simultaneously
Two techniques have been developed by transporting Si and metal sources to the
substrate simultaneously to produce silicide NWs: one is chemical vapor transport
(CVT), another is chemical vapor deposition (CVD) method. CVT method is a
conventional solid-state crystal growth technique-used-to grow single crystals. The
concept of CVT is exploiting the thermodynamically reversible reaction between
source materials and transport agent (usually halogens) to produce gaseous precursor
in situ. As shown in Figure 1.3a, silicide reacts with 1, at T; to generated gaseous
product. The gaseous precursor undergoes the reverse reaction to product silicide
NWs at T,. CrSi, NWs on Si/SiO, substrate, with dilute Ni(NOgz), on the surface,
were obtained using CrSi, powder as the source material and I, as the transport
agent.”’ The Jin group has utilized the complementary chemical vapor transport (CVT)

method to synthesis CrSi, NWs. The CVT process using CrSi, powder as the source
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material and iodine as the transport reagent, which could transferred the solid CrSi,
into gaseous Crl, and Sils. Through CVT the reaction temperature could be lower and
the metal/silicide ration of the gaseous precousors will be similar with the desired
CrSi, NWs, which could prevent the formation of multiple crystal phases. This CVT
method has demonstrated to be general on other silicide NWs, such as §-Ni,Si** and

B-NisSi°! NWs were obtained using Ni,Si and TiSi, as source materials respectively.

@ Chemical Vapor Transport
T
MSi (s) + (2x+y/2) |, (9) — Mly (9) + x5Sil, (9)

T1 2 T2
WWWWb VWV
Gas Flow “ NS %

WWVWV\:WWVWV\:

CVD Using Single Source Precursors

A
M(SICL,) (CO), —= MSi, (NW) +y CO (g) + 3x/2 Cl, (g)

WL

Gas Flow  MICLLIC0), ™ o]l
- 3

Figure 1.3 (a) Schematic diagram for silicide NWs synthesized by Chemical vapor

transport (CVT), (b) Synthesis of silicide NWs through single source precursor
100

chemical vapor deposition (CVD).

Chemical vapor deposition is commonly used to obtain transition metal silicide
thin films. Using single source precursors (SSP), consisting metal and silicon atoms,
in CVD is a simple method and allows controlling over the stoichiometry of the

product precisely. CVD was used to obtain FeSi NWs on Si substrate, with a thin
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oxide layer on the top, by using trans-Fe(CO)4(SiCls), as precursor, which undergoes
a reductive elimination to FeSiCl, and further decomposes into FiSi in the gas
phase.*® This technique has been extended to CoSi*® and MnSi,.x (MnSiyg) NWs* by
using Co(CQO)4SiCl; and Mn(CO)sSiCls, respectively. Moreover, Mixtures of
Co(CO)4SICl; and trans-Fe(CO)4(SiCl3), can be used as precursor to obtain
Fe;,C0,Si alloy NWs.*®

CVD with Si and metal sources has been used to prepare metal silicide thin film.
Du et al. have shown the synthesis of TiSi naonpin with.a particular shape on the
deposited TisSis film by CVD with TiCl, and SiH,4 as precursors.*®" Moreover, C54
TiSi, NWs and two-dimensional C49 TiSi, nanonets have been obtained by using
TiCl, and SiHg with H, and-reported by Wang et al."”** The C49 TiSi, nanonets
shows preferred growth along[100] and [001] directions and could be attributed to
the orthorhombic symmetry. Besides, single-crystalline Mn,St; NWs were prepared
using SiO'and MnCl, powder as the precursors.* The SiO and MnCl, were placed at
different temperature zones.to manipulate the evaporation rate of them respectively.
The SiO and MnCl; could react directly to form Mn,Si;. Alternatively, MnCl, could
react with the SiCly, gaseous byproduct of the reaction between MnCl, and SiO, to
form Mn,Si;. Kim et.al have demenstrated the.synthesis of VsSi; NWs on a V foil
substrate on Si powder. The Si and metal sources are the Si powder and VCls,
respectively. After reaction of VCl; and Si powder, VSi, and gas phase SiCl, are
formed. In situ generated SiCl, could be served as another Si source for the growth of

VsSiz NWs. 2

1.4.2 Applications of Metal Silicide NWs

Metal silicides possess superior properties and have been widely used in modern
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electronic devices. As the dimension of silicide was limited to nanoscale, the scale of
the devices decreases and other novel applications have been explored, such as
nanoelectronics, cathode for electron field emitter, thermoelectrics, and solar energy
conversion.

Low electrical resistivities and compatibility with silicon-base devices made
silicide  NWs a promising candidate for nanoelectronic devices. Ni,Si has
demonstrated a low resistivity of 21 uQcm and an extremely high failure current
density of 108 A/cm?.>* Electron transportation-properties of other silicide NWs were
also reported.®*** Due to their low resistivity, high aspectratio, and low work function,
metal silicide NWs are promising candidates for electron field emitter. Field emission
properties of various silicide.NWs have been.demonstrated including TiSi,, TiSi,
TisSis, TisSis, C0Si,*” NiSiz>*NiSi,**> Nis; Siz, > NisSi,>” and TaSi» ™ The reported
turn-on fields of the NWs are in the range of 3-4 V/um. Recently, field emission
properties of single NW have started to reveal the field emission mechanism in the
nanoscale.®Metal silicides are candidates.for.thermoelectrics applications, which
could generate electric potential through altering the temperature, and vice versa.
CrSi, NWs has been prepared and its thermoelectric property has been studied
through a unique technique.-The result indicates-that the phonon-surface scattering
increased with the decreasing NW diameter at low temperature.? Titanium silicide
have shown the ability to perform solar energy assisted catalytic water splitting.**-1%?
TiO,/TiSi; heterostructures, composed of C49 TiSi, nanonets coated with a TiO, layer,
have show a high performance in photoelectrochemical water splitting. Burgeoning
efforts have been devoted to expend the applications of silicide NWs. However,
studies of metal silicide NWs have just begun about seven years; there are still a lot of

territories needed to be explored.
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1.5 Introduction of Electron Field Emission

Electron field emission (EFE) is a quantum tunneling phenomenon of electron
from the surface of a material subjected to a strong electric field. When a sufficiently
strong electric field was applied on a metal or semiconductor, electrons will tunnel
through the surface potential barrier of the sample surface into vacuum level. As
shown in Figure 1.4, under an applied strong electric field, the surface potential
barrier reduced and the probability fer electronextracted from the surface of solid into
vacuum level increased. There is slightly difference between the field emission

theories for metaland semiconductor; we only discuss the theory for metal below.'*

( ) < Metal . Vacuum m Metal Vacuum
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Conduction Conduction
Band Band
. '/ '/

Figure 1.4 Energy diagram of metal-vacuum level (a) without electric field, (b) under
high electric field.

Fowler and Nordheim obtained the accurate description of field emission, based
on tunneling of electrons through the surface potential barrier, in 1928.1% Considering
the emission of electrons from a object, the emission current could be defined by
multiplying the number of electrons N(W,T) and the charge on the electron D(W).
The number of emitted electrons is determined to multiply the flux of electron

incident on the surface potential barrier and the tunneling probability of electrons to
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overcome the potential barrier as shown below.
J(E,T)=efN(\N,T)D(\N)dW (L.4)

Where E, T represent the applied electric field and the temperature, N(W,T) and D(W)

are the function of E, and T. By integrating equation (1.4), it will change into

32 }é %
___€E ks T _4A(2m 9
J(E'T)_167r2h¢t2(y0)sin(7zcokBT)eXp{ 3e(h2) v(x) E}

(1.5)
While the time factor is
_ T
Y, =3.79x10 4 (1.6)

The velocity is

V(Y,) (1.7)

Set T appro d be shown
as

J(F)=A F2ex

while 5 =

This is known ordhe le ondition, y is

between 0-1, and

of v(y) and t3(y) could be approxima

t(y) = 1.1, v(y) = 0.95:
By substituting the approximat DOVe, a, and F=BV into equation (1.8), the

expression becomes
| =aVv? exp(ﬁj (1.9)
\%

where

a

1.1 ¢ B
A=1.54x10"° > B=6.87x10’

AP eXI0[13(1.44x1o-7 )} and p,_ 0-95B¢"

A denotes the effective emission area and 3 is the field enhancement factor.

There are three factors, a, B, and ¢, in equation (1.9) could influence the magnitude of
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the field emission current density. Equation (1.9) can be further expressed as

In(\%) =Ina- b(\%j (1.10)

As a consequence, for a field emission data, by plotting of log(1/V?) versus 1/V, a
straight line with negative slope could be obtained, and was designated as F-N plot.
Through this plot, one can judge the field emission properties of a sample. When the
work function of the sample is know, the field enhancement factor § could be
calculated from the slope of F-N plot.

Shoulders had addressed that with-a field-amplification effect, which means the
electric field lines are concentrated locally around a sharp object, the required electric
field to election emissionsthe-could-be lowered dramatically.'® In 1968, Spindt had
demonstrated a thin film field-emission device:with sharp Mo emission cathode.’® As
the advancement of nanotechnology, an increasing effort has been devoted to
fabricating'nanomaterials for new field emitters, such as CNTs (carbon nanotubes),™
nano-diamend coated Si nanowires (NWSs),** SiC NWs and nanotubes;*** metal
oxides'* and_metal silicides. Metal silicides NWs have excellent properties such as,
high aspect ration, good conductivity, high thermal stability, and compatibility with Si

based devices, makes them promising candidates for future field emission devices.
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1.6 Aim of This Thesis

Titanium silicides possess outstanding physical properties and are widely used in
electronic technology. The achievement in growth of metal silicide NWs represents a
significant advance for application of silicide NWs in future nanodevices. However,
free standing titanium silicides nanowires are rarely reported. This may resulted from
the lack of easy and safe way to synthesis titanium silicdes without the usage of
high-vacuum system (for PVD)_or.explosiver materials, such as SiH; and H, (for
CVD). In this thesis, we provide a unique CVD method by reaction between the
TiCly(x=1-3), which is in situ generated through reaction between TiCl, and Ti metal,
and the Si substrates to synthesis-titanium silicde materials. By modifying the reaction
conditions;.such as time, temperature and partial pressure of the precurser, titanium
silicide samples composed of different morphologies (nanowires; nanoplates, and thin
films) and crystal structures could be obtained. The influence of growth conditions on
the samples-and the growth mechanism will be discussed in detail.

Titanium silicides have high thermal stability and low electrical resistivity. NWs
have high aspect ratio and some distinct properties. As a consequence, the obtained
titanium silicides’NWs are believed to be good electric field emitters. Field emission

properties of the titanium silicides. samples are demonstrated and studied in this work.
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Chapter 2

TisSi; Nanowire and Its Field Emission Property

2.1 Introduction

Because of their distinct properties, 1D nanostrutures have attracted tremendous
amounts of attention for technological applications, such as sensors,’ laser devices,?
and electrical systems.® An increasing effort has been devoted to fabricating
nanomaterials. for new field emitters, such as CNTs (carbon. nanotubes)*
nano-diamond coated Si nanowires (NWSs),” SiC' NWs and nanotubes,® metal oxides’
and metal silicides.®..Many- studies .about the fabrication of free standing silicide
nanowires.of Ti, Cr, Fe, Co, Ni and Ta have been reported because of their superior
properties and compatibility with Si based.integrated circuit devices.** Among them,
titanium silicides are potential candidates for field-emission devices due to their
relative low cresistivity (10— 28 pQ cm), high thermal stability, and low work
function.”?’ Research.on.the fabrication of TiSi and TiSiz'NWSs and arrays through
various processing techniques,. including..chemical wvapor deposition (CVD) and
physical vapor deposition (PVD), have been demonstrated recently.®***° On the other
hand, fabrication of nanostructures of metal-rich titanium silicide TisSis, which is a
suitable refractory material with a melting point 2403 K, has not been reported. In this
work, we report the first growth of TisSis NWs via a unique CVD process.?!

Microstructures and field emission properties of the NWs will be discussed in detail.
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2.2 Experimental Section

2.2.1 Materials

Reagent

Titanium (IV) chloride
Titanium powder(~320 mesh)

Si wafer (n-type)
orientation (100)
Ammonium hydroxide

Hydrochloric acid
Hydroflueric acid
Hydrogen peroxide
Nitric acid

Sulfuric acid

Argon

2.2.2 Synthesis Procedure

Chemical
Formula
TiCl,

Ti

Si

NH,OH
HCl

HF
H.0;
HNO3
H,SO,
Ar

Purity

99 %
99.7 %

25%
37 %
48 %
30 %
70 %
95 %
99 %

Vendor

Fluka

Aldrich

Semiconductor
Wafer

Fluka
Aldrich
Aldrich
Aldrich
Showa
Fluka
Chiah Lung

All reactions were performed in a low-pressure horizontal hot-wall quartz tube

reactor comprised of a pumping system, a reaction chamber heated by a three-zone

tube furnace, and a precursor inlet control system. Ti powders (0.3 g) were placed at

the highest temperature zone at 1173 K, which is the most upstream among the

heating zones. Si (100) wafers, cleaned by RCA process and then immersed in a 48%

HF/DI water (1/100 v/v) solution until the surface became hydrophobic right before

the reaction were placed at a low temperature zone at 773 — 973 K downstream. After

28



the chamber was evacuated to 0.4 Pa, TiCl, was vaporized into the reaction chamber
at a pressure of 2.67 Pa. After 1 - 6 h, the supply of TiCl, was stopped and the reaction
system was cooled to room temperature. Samples of gray thin films deposited on Si
substrates were collected for analysis. A summary of the representative samples

prepared in this study is listed in Table 2.1.

Ti Siwafer

::ﬁ-:-. — {
MI3K 973K TT3K

Furnace

Controller

Figure 2.1 Experimental setup of the CVD system.

2.2.3 Characterization Instruments

The SEM and EDX data were.collected using JEOL JSM-6330F and Hitachi
S-47001 at 15 kV. The TEM and SAED images were obtained on a JEOL JEM-2010
at 200 kV. The HRTEM images were acquired on a JEOL JEM-400EX at 400 kV. The
Auger depth profile was obtained on a Physical Electronics Auger 670 PHI Xi. The
XRD studies were carried out using a MAC MXP-18 and a BRUKER AXS D8
ADVANCE with Cu Kal radiation. The EFE properties of the samples were
measured in a vacuum chamber at a pressure of 1.05 x 10 Pa at room temperature
with a spherical-shaped stainless-steel probe of 1 mm in diameter as the anode. The

sample-to-anode distances, adjusted by the micrometer on the manipulator, were 150
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um, 135 pum, and 100 um for samples I, 11, and 111 respectively. The current-voltage
(I-V) characteristics were measured using a Keithley 237. The maximum available

voltage of the set-up is 1100 V, and the current was restricted to 10 mA.

PEREE  micrometer I

N,

Power guppiy

vvvvvvvvvv

Turbo

controller

Figure 2.2 Setup of:the home-built electron field emission (EFE) system.

2.3 Results and Discussion

All reactions were performed in a low pressure horizontal hot-wall quartz tube
reactor heated by a three-zone tube furnace. TiCly, the precursor, was vaporized into
the reaction chamber at a controlled partial pressure. Close to the precursor inlet, Ti
powders were placed at the heating zone at 1173 K. Si (100) wafers were placed at the
center heating zone at 773 - 973 K. After 1 - 6 h, deposition of a gray layer on the
substrates was observed. A summary of the representative samples prepared in this

study is listed in Table 2.1.
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Table 2.1 Summary of Samples

Sample Growth Morphologies Eo® b
Conditions and Phases (V/um)
I 973K, 6h TisSiz NWs/ 54 816
C54-TiSi; film
I 773 K, 6h a-TixSiy NWs/ 7.6 -¢
C54-TiSi; film
"l 973 K, 1h C54-TiSI; film 10.4 343

aTurn-on field. ° Field enhancement factor. ¢ Cannot be obtained due to the lack of
work function of amorphous Ti,Siy.

2.3.1 SEM and EDX-Characterizations

Figure 2.3 shows the morphology and the chemical composition of sample |
grown at'973 K on Si for 6 h. Figure 2.3a.is a top-view scanning electron microscopic
(SEM) image of I. It displays that on top of a deposited thin film, there are a
considerable-amount of thread-like NWs few. micrometers long. A representative
high-magnification SEM 1mage in Figure 2.3b shows that the one-dimension (1D)
nanostructures have diameters 20 - 50 nm. In addition, the image does not show
evidence for the presence of metal particles, which'may act as catalysts, on the tips of
the wires. An energy-dispersive X-ray spectrum (EDX) of I in Figure 2.3c indicates
that the sample contains Ti and Si only. A side view SEM image in Figure 2.3d reveals
that numerous NWs with few micrometers in length extend randomly from the top of
a deposited film with a thickness of ca. 6 um on Si. Sample 11 grown at 773 K for 6 h,
as displayed in Figure 2.4a, contains copious thread-like nanowires with length of few
micrometers on the rough surface. Figure 2.4b, side view image of Il, reveals

numerous entangled NWs with few micrometers in length on the film with a thickness
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of 3 um. As shown in Figure 2.4c and d, 111 obtained at 973 K for 1 h also displays a

2.6 um- thick film and scarce and short nanowires on it

Figure 2.3 SEM images of sample I'grown on Si. (&) Top view, (b) high magnification
image, (c) EDX, and (d) side view image.

Figure 2.4 SEM images of Il (a), (b) and 11 (c), (d) grown on Si.
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2.3.2 XRD Characterizations

X-ray diffraction (XRD), Figure 2.5, displays four peaks around 20 = 39.1°,
42.3°, 43.5°, and 50° could be assigned to the (311), (040), (022), and (331) planes of
C54-TiSi, (JCPDS 35-0785). This result suggests that all of the samples were
composed mainly of orthorhombic C54-TiSi, phase (JCPDS 35-0785). However,

transmission electron microscopic (TEM) studies of the NWs showed that the 1D

material had a different titanium silicide phase:

" I, TisSi; NWs/C54-TiSi, film

I, amorphous Ti,Si, NWs/C54-TiSi, film

Intensity (au)

lll, C54-TiSi, film

e
2 theta (deg)

Figure 2.5 XRD patterns of samples |, Il, and IlI.

2.3.3 TEM Studies

A typical TEM image of NWs isolated from | is shown in Figure 2a. It reveals a
long NW with a diameter ca. 30 nm. The image also confirms that on the tip of the
wire, there is no evidence for the existence of any metal particles. A selected-area

electron diffraction (SAED) image in Figure 2b, taken from the point indicated in
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Figure 2a, displays a dot pattern. This could be assigned to (002) and (110) planes of
single crystalline hexagonal TisSi; with [1T 0] zone axis. Figure 2c is the

high-resolution TEM (HRTEM) image taken at the same place. From the image, two
sets of fringes spaced at 0.25 nm and 0.37 nm apart could be assigned to the lattice
spacing of (002) and (110) planes of TisSiz phase, respectively. The wire growth
direction is determined to be along the [002] axis of TisSiz. Thus, sample 1 is
designated as TisSis NWSs/TiSi,. AnyAuger «depth profile of 1, Figure 2.7, also
confirmed that the sample contained a high-quantity of Ti on the surface while the Si

content was rich inside the deposited layer.
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Figure 2.6 TEM studies of a NW isolated from 1. (a) Low magnification image, (b)
SAED pattern of the sample in (a) showing a [1T 0] zone axis, (c) high-resolution

image from the selected section in (a).

As shown in Figure 2.8a, TEM image of NW isolate from Il has diameter of 20
nm. Besides, there is no particle on the tip of the NW. Figure 2.8b is the
corresponding selected-area electron diffraction (SAED) pattern, no significant

diffraction spots or rings could be seen, suggested that the NW is amorphous. In
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Figure 2.8c, EDX of the NWs in Figure 2.8a indicates that the compositions of the
NW are Ti and Si. Combining the XRD studies mentioned in last section with the

TEM results, sample 11 could be named as a-TixSiy, NWSs/TiSi; film.
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Figure 2:7/Auger depth profile of I.

ﬁf‘dﬂlum IMIII“M“ I‘ll j AL

Figure 2.8 (a) TEM image of NW isolate from sample Il, (b) SAED pattern showing
that the NW is amorphous, (c) EDX of the selected area in (a) indicates that the
composition of the NW are Ti and Si. The NWs in Il could be designated as a-Ti,Siy
NWs.
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2.3.4 Influence of the Growth Conditions for the Synthesis of

NWs

Both reaction temperature and time were essential factors in the synthesis of the
single crystalline TisSiz NWs. When the reaction temperature was decreased to 773 K,
sample Il containing abundant amorphous TixSiy NWs on a C54-TiSi, thin film
(designated as a-TixSiy NWs/TiSiy) was produced in 6 h. As the reaction time was
reduced to 1 h, sample Ill,. which showed sparse and short NWs on a layer of
C54-TiSi, thin film, was obtained. Consequently,"we conclude that the titanium
silicide one-dimensional nanostructures..could be fabricated only.with sufficient
reaction time. Furthermore, the crystal structures of the NWs depend highly on the
reaction temperature.

The presence of Ti metal powders at the heating zone at 1173 K was important
for the successful NW growth. Without it, a TiSi; film with an uneven surface was
deposited-on the Si substrate (Figure 2.9a). On the other hand, without the existence

of TiCly, nothing will be deposited on the Si substrate (Figure 2.9b).

Figure 2.9 SEM images of samples grown at similar condition but different precursors
with sample 1. (a) without the Ti metal, (b) without the TiCl,.
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2.3.5 Proposed Reaction Pathway

Vapor-liquid-solid (VLS) growth is employed most frequently to account for
the growth of many NWs. However, according to the observations discussed above,
the VLS model can be ruled out easily, owing to the absence of metal particles on the
tip of the NWs.?? Based on the experimental observations, a plausible reaction
pathway is proposed in Figure 2.10 to rationalize the TisSiz NW growth. It suggests
that titanium subchlorides TiCly (x = 2,:8); generated by the reaction between TiCl,)
and Ti metal in the high temperature zone at:1173 K initially, could serve as the Ti
source in two ways.> One is their disproportionation into. TiCls molecules and Ti
atoms in the low temperature-zones:below 973 K. The deposited Ti atoms could react
with the Siisurface atoms to-form-TiSiy clusters.for further nucleation and growth. The
second one is that TiClx could react directly with the Si substrate to-form Si-rich TiSix
clusters and gaseous SiCly byproducts, which might serve as anather Si source in the
formation.of TiSi,.* As the reaction proceeds further, a TiSi, thin film:is.grown on
the substrate.. In the mean time, the disproportionation of the incoming TiCly to
deposit Ti atoms.remains. But the supply of Si atoms either from the substrate or from
the SiCly byproducts could be hampered by the relative inertness of the as-formed
TiSi, layer. In addition, the diffusion length of Si atoms from the substrate through the
TiSi, layer becomes extended.”® All these reasons caused the Si concentration on the
surface decreased at this stage. As a consequence, the TiSix clusters nucleated are
Ti-rich. Because TisSiz has the highest melting point and the lowest standard heat of
formation among all of the titanium silicide phases, we suggest that TisSi3 should be
the first silicide phase solidified.?® Further migration and coalescence of small
titanium silicide clusters to these nucleation sites elongates them into the observed

TisSiz nanowires.
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TiCl, Tict,
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Tl = > [Tien] = =

TiSi, <
TisSi; NW

Figure 2.10 Prop

2.4 Electro

Electron  field emi rresponding

ed in Fig

Fowler-Nord (F-N)

defined as the ie @red to produce a current 0 nAcm™, and
the field enhanceme \*.\ alculated from the equation'f 6>%/e, > Where ¢ is

the work-function of the studiec ve work-function derived

mportant

EFE para

from the slope of the F-N plot, are listed in Table 3.1. Among the samples studied, I,
which is TisSiz NWSs on TiSi,, shows the markedly superior EFE property than the
others. The solid squares in Figure 2.11 illustrate that E; of I is only 5.4 V/um.
Sample 11, which is composed of a-TixSiy NWs on TiSiy, displays a higher E, of 7.6
V/um while sample 111, which is the C54-TiSi; thin film, shows the highest E, of 10.4
V/um. We assume that the work-functions ¢ of the TiSi, thin film and the TisSi; NWs

are the same as their bulk materials, i.e., O¢risiz = 4.53 eV and ¢rissiz = 3.71 eV
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Then, we can calculate § from ¢pand ¢e. ¢ Values are proportional to the slopes of the
F-N plots shown in Figure 211. For sample I, TisSis NWs/TiSi,, we suppose that most
electrons were emitted from the TisSi NWs because they were closer to the anode
and under higher electric field than the TiSi, film below. Thus, the pB-value of I,
estimated using orissiz and the ¢, value of I, is 816. This result can be regarded as
Brissianws, the B-value of TisSiz NWs. It is higher than the reported B-value of TiSi,
NWs, which is 500.° The B-value of sample 111 is estimated to be 343. The value is
high for a thin film. This.may be the result from the surface roughness of Il1. Since
there is no ¢ value available for a-Ti,Siy, it is not possible to estimate the 3-value of
Il. Even though the SEM images demonstrated that Il and I had similar entangled
morphology, it appears that Ll.could not perform better than I did. The amorphous
NWs on H;.may not emit electrons as efficiently as the ones on I. By assuming that
the ¢ value of a-Ti,Sly IS close to those of various silicides, we can expect that the

B-value of @-TixSiy NWs is between the values found for samples I and 1.

200 -
I
E
150 % /
) :
G 100 ~ &
) 0.5 10 £ |
T I ueGmm g
e ]
= DO0Fml, Tigsi; NWs/Tisi, film
@ II, a- Ti, Si, NWs/TiSi, film ?
A Ill, TiSi, film g
0

E(V/um)
Figure 2.11 Electron field emission current density as a function of applied electric
field of samples I — I11. Inset shows their corresponding Fowler-Nordheim plots.
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2.5 Conclusions

In conclusion, this study is the first growth of TisSis NWs on C54-TiSi; thin
films through a unique chemical vapor deposition process without additional catalyst.
The diameters of the NWs are about 20 - 50 nm and the lengths are several
micrometers. The TisSiz NWs show excellent field emission properties, a low turn-on
field Ep of 5.4 V/um and a high field enhancement factor  of 816. These notable

results suggest that TisSiz NWs could serve as a-promising candidate for future field

emission devices. Growth me m be further discussed in

the next chapter.
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Chapter 3

Chemical Vapor Deposition of TiSi Nanowires
on C54 TiSi, Thin Film — An Amorphous
Titanium Silicide Interlayer Assisted Nanowire

Growth

3.1 Introduction

Metal silicides, including silicides of Ti, Cr, Fe, Co and Ni, are intensively
investigated because their-unique  physical and chemical properties could meet the
requirements of modern technological applications.’ Among the silicides; titanium
silicides show high thermal stability, low electrical resistivity, low work function, and
low density.** These properties make.titanium silicides good candidates for enhanced
electronic “field " emission source, field - ionization - source, interconnect in
nanoelectronics; and.solar energy assisted catalytic water splitting:>*% For many metal
silicides, varying the synthesis.conditions could alter the metal to silicon composition
ratio and the crystal phase. Consequently, properties of the silicides are changed as
well. Thus, it is possible to prepare silicide samples with diverse properties within one
reaction system. For titanium silicides, there are six reported phases, including
C54-TiSi,, C49-TiSiy, TiSi, TisSis, TisSis and TisSi.*"** Among them, C54-TiSi, is
the most studied for its applications in microelectronic devices. C54-TiSi, has a low
electrical resistivity 10 — 28 pQcm and a high melting point 1773 K.*** The other
disilicide C49-TiSiy, with a higher electrical resistivity ca. 100 uQcm, is considered to

be a low temperature metastable phase before the formation of C54-TiSi,.™ TisSis is a
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promising high temperature material for protective refractory coating because of its
high melting point 2403 K, excellent creep resistance, and high oxidation
resistance.>*>*" For the remaining silicides TiSi, TisSis and TisSi, applications were
seldom reported due to the difficulties of preparing them in pure-phases. % For
example, Ti3Si has rarely been described in related research because it is easily
destabilized by oxygen in the processing. TiSi is another silicide with limited reports.
In contrast to TisSi, TiSi may have interesting applications because it has a high
melting point 1843 K, a.low electrical resistivity. 60 uQcm, and one of the highest
mechanical hardness (Hu) 18:0 among all titanium silicides.*:*# Nonetheless, to this
date, methods to. fabricate TiSi in quantities suitable for extensive studies are
limited.?*?°28.Thus, searching.for. new techniques to synthesize TiSi is important in
silicide research. In_general, three types of techniques are commonly employed to
prepare titantum silicides. The first type i1s powder based methods. These include arc
melting and self-propagating exothermic reactions, such as ball milling, shock loading,
and thermalvignition of stoichiometric_mixtures.of elemental powders.*® The second
one is physical vapor deposition (PVD) processes. They are frequently.used to grow
titanium silicide thin:films. A well-known example is the salicide. process.’***% |t
includes two steps, evaporation of.Ti or coevaporation of Ti and Si atoms onto Si
substrates, followed by annealing the as-depasited thin film at a high temperature to
form silicides. The last one is chemical vapor deposition (CVD) reactions. By reacting
TiCl, with silane or silicon chlorides at high temperatures, titanium silicide thin films
can be grown.”**** CVD provides possibilities to prepare kinetically stable phases
which are difficult to obtain using the other methods. Recently, by employing
variations of the fabrication methods mentioned above, preparations of nanosized
one-dimensional (1D) silicides of Ti, V, Cr, Mn, Fe, Co, Ni, and Ta have been

reported.>®**%° For titanium silicides, these include nanowires (NWs) of TiSi and
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C54-TiSi,, nanopins (NPs) of TiSi, nanobats of TisSis, and nanonets (NNs) of
C49-TiSi,, as listed in Table 3.1.>¢3433738 previously, we have communicated the
growth of TisSi; NWs on top of C54-TiSi;, thin films grown by reacting titanium
subhalides TiClyg), generated by passing TiClsg over Tig at 1173 K, with Si
substrates in a CVD process.® Herein, we wish to report our further investigation on
this unique titanium silicide fabrication process. We have discovered that in addition

to TisSiz NWs, dense TiSi NW arrays can be grown by this process after adjusting the

ditio IC vS the existence of an amorphous
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Table 3.1 Summary of Titanium Silicide Samples

Reference  Process, Product, NWs Length/ Growth Conditions E, B Jinax
Sample Morphology, and Phase Film Thickness  Temperature Time (Vum™) (nAcm™)
(K) (min)

Ref 5 PVD (Ti powder / Si wafer)  tens to hundred 1073 180 8 501  0.23
C54-TiSi, NWs micrometers

Ref 6 PVD (Si powder / Ti foil) 350 nm 1073 180 1.47% 1350 0.36
TisSi, Nanobat

Ref 35 CVD (TiCly, SiH,/ 07-1pum/ 963-1023 1-36 b boob
borosilicate) 2 um
TiSi NPs and NWs on TisSi;
film

Ref 37 CVD (TiClgSiH./ Si 2-10 um 948 15 2 b b
wafer)
C49-TiSi, Nanonet

Ref 38 CVD (TiCly, SiH./ Si 2-10 um 898-973  -° 15 bob
wafer)
C54-TiSi, NWs

This Morphologies and Phases NWs Length/ __Temperature _Time Eo yij Jmax

Study Film Thickness  (K) (min) (Vam™) (uAcm?)

I TiSi NWs on C54-TiSi, film' 25 jim /10.5 1073 60 5.25 876  0.48

pm

I Partial C54-TiSi, film - 1073 10 £ £ £

11 Short TiSi NWs on 0.5-3um/ 1073 30 8.5 418 0.07
C54-TiSi, film 8 um

v C54-TiSij, film 2.6 um 973 60 104 343 0.014

V TisSig NWs on C54-TiSi, 2-5um /6 pum 973 360 54 816 0.18

film
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¢ Partially formed TiSi, film does not emit electrons.

*The E, is defined as the current density reaches 1 pAcm™. ® Not reported.



3.2 Experimental Section

3.2.1 Growth of Titanium Silicide Samples

Thin films and NWs of titanium silicide samples were grown by a low pressure
CVD (LPCVD) using a horizontal hot-wall quartz tube reactor heated by a three-zone
tube furnace (Lindberg 55346). Si(100) (n-type, 0.7 cm x 1.5 cm x 0.525 mm)
wafers, pretreated by a standard RCA cleaning process, were placed at the center
inside the reactor, which was.at'zone 2. Ti powders (0.4.g, Aldrich 99.7%) in a quartz
boat were placed at zone 1, which was upstream from the Si substrates. To reduce O,
and H,O partial pressures, the reactor.was.first purged with Ar then evacuated below
0.4 Pa before the reaction began. After zone 1 was heated to 1173 K and zone 2
reached 973-1073 K, TiCls(Fluka-99%) kept at 298 K was vaporized into the reactor.
The evaporation of TiCl, was controlled at a pressure of 2.67 Pa for 10-min to 6 h,
depending.on the experiments, by a low-flow metering needle valve (Swagelok,
SS-SS4). “The amount of TiCly introduced was 0.42. mL/h. Assuming that the
evaporation rate was constant, the flow rate of the TiCl, was estimated to be 12
mg/min (0.063 mmol/min). "After the vaporization was stopped, the furnace was
allowed to cool to room temperature. Deposition of gray to black films on the wafers
was observed. Detailed experimental parameters for samples investigated in this study

are summarized in Table 3.1.

3.2.2 Instruments for Characterizations

Scanning electron microscopic (SEM) images and energy dispersive X-ray
spectra (EDX) of the samples were taken with a Hitachi S-47001 and a JEOL
JSM-7401F operated at 15 keV. High-resolution transmission electron microscopic

(HRTEM) images and EDX were acquired on a scanning transmission electron
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microscope (STEM) JEOL JEM-3000F at 300 kV. A cross-sectional TEM sample
was prepared using a dimpling and ion milling technique.®* X-ray diffraction (XRD)
patterns of the samples were obtained using a Bruker AXS D8 ADVANCE with Cu
Kal radiation.

EFE measurements were carried out using a home-built apparatus, composed of
a vacuum chamber and a spherical-shaped tungsten probe (diameter 1 mm) as the
anode. The sample-to-anode distances were adjustable by a manipulator equipped
with a micrometer. All measurements were taken below. 1.05 x 10 Pa at room
temperature. Current-to-voltage (I — V) characteristics. were measured using a
Keithley 237 or 2410. The maximum applied voltage was 1100 V while the current
was restricted«to. 10 mA.._Sheet. resistances of the samples were measured by a

four-probe-method using a Mitsubishi MCP-T600 resistivity meter.

3.3 Results and Discussion

In a typical reaction, TiCls was vaporized.into.a hot-wall LPCVD reaetor loaded
with Ti powders at the heating.zone at 1173 K, which was upstream from Si (100)
substrates placed at the eenter heating zone at 973 — 1073.K. . The reaction between
TiCl, and Ti generated gaseous titanium_subchlerides TiCl, which would undergo
disproportionation to regenerate TiCl, and to deposit Ti.** Depending on the reaction
time employed, from 10 min to 6 h, growth of products composed of gray to black
thin films on the substrates was observed. In Table 3.1, effects of varying the reaction
parameters on morphology and phase of the products are summarized. In this report,
we will discuss more on characterizations of the samples deposited at 1073 K,
including I and 111, the vertically grown long and short single crystalline TiSi NWs,
respectively. We will not focus on samples grown at 973 K, C54-TiSi, thin film (1V)

and TisSiz NWs (V) because we have reported their fabrications in chapter 4.
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3.3.1 SEM and EDX Characterizations

SEM images of I are shown in Figure 3.1. Figure 3.1a is a low magnification
top-view image of I, revealing the presence of high density 1-D nanostructures on the
deposited product. The EDX spectrum shown in the inset of Figure 3.1a suggests that
I is composed of Ti and Si only. A high magnification image in Figure 3.1b shows
that the 1-D nanostructures are NWs with diameters of 30—80 nm. We do not
observe metal particles on the tips of the NWSs. This suggests that the NWs were not
grown via a vapor —liquid — solid (VL:S)=mechanism:®®* Figure 3.1c displays a
side-view image«of |, indicating that the product deposited on the substrate is
composed of afilm (thickness-10:5um) and aboye it, a layer of NWSs pointing upward.
An enlarged side-view image-of.the NWs in Figure 3.1d shows that the NW lengths

are 2-5 um.

Figure 3.1 SEM images of | grown on Si. (a) Top-view and EDX (inset), (b) high
magnification image, (c) low magnification side-view, and (d) high magnification
side-view image.
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Figure 3.2 displays the images of Il — V, the products prepared at different
conditions. When the growth time was 10 min, sample Il was obtained. As shown in
Figure 3.2a, the Si substrate is partially covered (ca. 20%) by irregularly shaped
islands with areas of tens to hundreds of um?. Unlike sample I, we could not find the
presence of any 1-D nanostructure on the substrate of I1. The rugged surface islands,
shown in the side-view SEM image in the inset of Figure 3.2a, imply that they might
be formed by etching and deposition reactions involving the Si surface and the
gaseous TiCl, molecules.**® Figure 8.2b shows the image of sample 111, obtained
after the reaction was carried out for 30 min at 1073 K. Growth of numerous NWs
with lengths 0.5--3 um on top of a thin film with a thickness.of 8 um is observed.
Comparing'samples | - 11l,.we.concludethat only a thin film was grown at the early
stage of the.reaction. After-a certain period of time, NWSs started to grow.on the film.
As the reaction time was lengthened, density and length of the NWSs increased
accordingly.

The SEM image (Figure 3.2c). of sample 1\, which was grown at 973 K for 1 h,
shows the presence of few and scattered NWS on a layer of thin film.* When the
growth time was_ extended, the NWs elongated as well. For example, Figure 3.2d
demonstrates the image of sample ;. which was.grownat 973 K for 6 h. It displays
the growth of abundant thread-like NWs, diameter ca. 20 — 50 nm and length up to
several micrometers, on top of a thin film. The above observations suggest that,
before the growth of 1-D titanium silicide NWs (characterization of the products by
XRD and TEM will be discussed below), an adequate reaction time was required to

allow the initial deposition of a layer of titanium silicide thin film on the Si substrate.
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Figure 3.2 SEM top-view and-side-view (inset).of (a) II, (b)11, (c)IV, and (d) V.

3.3.2 XRD ChvaraCterizations
XRD patterns of.the' samples | _—_-,V"are shown in Figure 3.3.;AII of them display
four diffraction peaks marked by gray circles at 20 =39.1° 42.2°, 43’~2'° and 49.7°,
This set of peaks lndlcates the presence of orthorhomblc C54- T|S|2 (JCPDS 35-0785)
as the major product Slnce aII of the samples have a Iayer of th|n film several
micrometers thlck we conclude that aII of the thln films are composed of C54-TiSis,.
In addition to the C54-T|~S|2 pattern, sample_ | ‘shov_vsa strong peak at 26 = 50.3°,
which is marked by a blue square in Figure 3.3. 'T‘hisr signal is also observed for Ill,
the sample with short NWs, but not for 11, which does not show any 1D nanostructure
in the SEM image. The peak is assigned to the reflection from {020} plane of
orthorhombic TiSi (JCPDS 17-0424). In Figure 3.4a, a detailed XRD scan of | taken
at 20 = 25 - 38° was demonstrated. The diffraction peaks observed at 20 = 32.83°,
35.3° and 36.93° were indexed to be the reflections from TiSi {201}, {002}, and {210}

planes, respectively. Thus, we conclude that in I, the NWs on top of the thin film, as
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Figure 3.3 XRD patterns of I - \. Assignment of peaks: spheres, C54-TiSi,; square:
TiSi (020); diamond: TisSis(002);-triangle: Si (020), this forbidden signal-only appears
in several samples grown on a specific batch of Si substrates. For clarity, Si (400) at
69.2° is not shown;

shown in_Figure 3.1, are composed of TiSi. These data differ slightly. from the
standard XRD pattern of TiSi. \We suggest that unlike randomly oriented TiSi crystals
in powders, I contains; TiSi NWSs with a preferred growth orientation in [020]
direction. This.is further confirmed by TEM studies and will be discussed below. All
samples also showed a very'strong signal at 69.2°. This was assigned to Si {400}
planes from the substrates. For clarity, it is not displayed in Figure 3 (see Figure 3.4b
for a pattern of | with the substrate signal). For sample 1V, only diffraction peaks of
C54-TiSi;, are observed. Accordingly, 1V is determined to be a film composed of
C54-TiSi,. For sample V, in addition to the pattern of C54-TiSi,, a weak diffraction
peak at 20 = 34.8° is shown. This is assigned to the reflection by {002} plane of TisSis
(JCPDS 78-1429), the main component of the NWs in V. The XRD observation is in
good agreement with the TEM result, which indicates that the preferred growth

direction of the NWs is along [002] axis of TisSis.>® We speculate whether isolated Ti
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and Si crystals could be grown during the reactions because TiCly and SiCly

byproducts were known to deposit thin films in their elemental forms.®*®® However,

the XRD results do not show any peak which can be assigned to Ti and Si crystals.

Intensity (a.u.)
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Figure 3:4:(a) Detailed XRD of I from 25°t0.38° (b) XRD of | from 20° to 80° (spheres,
C54-TiSiy; square: TiSi; triangles: Si), and (c) XRD of the Si wafer used to grow
silicides in'samples 1 — I11. 33.2°. Si«(200);:56:5%Si«(311);:69.5°: Si (400), 61.7° and
65.9° unable to assign.

Table 3.2 Assignments of the XRD Peaks in Figure 3.4

XRD Crystal Phase (hkl)  Calculated Value ® JcPDS”
20 20 Intensity ratio 20 Intensity ratio
30.02 C54-TiSi,  (220)  30.05 9 30.04 10
32.83 TiSi (201) 32.68 32 32.83 20
35.3 C54-TiSi, (212) 355 0 ¢ -
TiSi (002) 35.8 0 - -
36.93 TiSi (210) 36.92 99 36.91 100
37.38 C54-TiSi, (020) 37.44 0 - -

& Calculated from ICSD C54-TiSi, : 96029, TiSi : 43494.
® JCPDS C54-TiSi, : 35-0785, TiSi : 17-0424. © Not reported.
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3.3.3 TEM Studies of TiSi NWs

Figure 3.5a displays a representative TEM image of a section of a single NW
obtained from 1. The sample has a diameter ca. 80 nm and a length ca. 1 um. The
selected-area electron diffraction (SAED) pattern in Figure 4b, taken from the circled
region in Figure 3.5a, suggests that the NW is single crystalline. The observed spots
are determined to be from {200}, {210}, and {010} planes of orthorhombic TiSi with
[001] zone axis. In Figure 3.6, the results from another NW, with dimensions similar
to those of the one displayed in Figure 3.5, were. shown. The SAED pattern in Figure
3.6¢ also confirmed that the NW was single crystalline. The diffraction spots were
determined to be from {010},-{011}, and {001} planes of orthorhombic TiSi with
[100] zone.axis. From Figures-3.5¢ and-3.6¢, the lattice ‘parameters a, b; and c are
calculated to be 0.65, 0.36, and 0.49 nm, respectively. They are close to the values of
TiSi (JCPDS 17-0424), 0.654, 0.364, and 0.499 nm, respectively. Figure 3.5¢ exhibits
the HRTEM Image from the same region. The estimated lattice spacings.0.16, 0.24,
and 0.18 nm are assigned to {400}, {210}, and {010} planes, respectively. From the
HRTEM image shown in Figure 3.6d, the observed lattice spacings 0.36 and 0.49 nm
were assigned to {010} and {001} planes, respectively. From the HRTEM images, a,
b, and c are determined to be 0.64.nm, 0.36 nm, and 0.49 nm, respectively. An STEM
image and the corresponding EDX line-scan profiles of an NW are shown in Figure
3.5d. The data indicates that the NW is mainly composed of Ti and Si, which
distribute uniformly along the NW cross-section. A trace of residual O atoms,
probably originated from the TEM sample preparation, is also observed. On the basis
of the results from the XRD and the TEM studies, the NWs in | are determined to be
single crystalline TiSi with a preferred growth in [010] direction. Since an NW from

sample 111 showed TEM data identical to those shown in Figure 4, we conclude that
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image from the circled region-in(a), and (d) TEM and EDX elemental line profiles of
another NW from |I.

(a), (c) SAED pattern from the circled region in (a), and (d) HRTEM image of the
squared area in (b).
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the NWs in I11 were single crystalline TiSi also. On the other hand, using the TEM
result of an NW in V in the last chapter, we determined that it was a single crystalline

titanium rich silicide, TisSis, grown preferentially along the [001] direction.*®

3.3.4 Characterization of the Interface between TiSi NWs

and C54 TiSi, Film

From cross-sectional SEM images of | (Figures 3.7a and 3.7b), a layer of thin

film, with a slightl erent contrast and a thickness ca. 600 nm, was observed

phenomenon W : 3 hano mple 1V, which

was a C54 > film, did not-she , 3 laye A P‘ ‘

between the ubstrate. This

and 3.7d.

Figure 3.7 (a) SEM side-view of | showing an interlayer between TiSi NWs and a TiSi,
film, (b) enlarged view of (a), (c) SEM side-view of IV showing a TiSi, thin film, and (d)
enlarged view of the rectangular region in (c).
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EDX analyses of the interlayers and the films of I and V were carried out at the
spots shown in Figure 3.8 The Ti contents of the interlayers were higher than those of
the films below. In addition, the Ti/Si ratios of the interlayers of I and V were 0.88
and 1.57, respectively. The chemical compositions of both interlayers coincided well
with those of the NWs grown on top of them. Thus, it appears that the composition
and the crystal structure of the NWs are highly influenced by the interlayers.
Furthermore, the EDX line-scans of I and V in Figure 3.9 revealed that the Si contents

of the interlayers were lower tha

Figure 3.8
areas are listed

DXa s of ol. the circled

& S,

[

Sample

Interlayer of I, solid circle 53.3
Thin film of 1, dashed circle 31.7 68.3
Interlayer of V, solid circle 61.1 38.9
Thin film of V, dashed circle ~ 39.9 60.1
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Figure 3.9 Cross-sectional SEM EDX line-scans of (a) | and (b) V. The arrows mark
the limits of the interlayers.

The interlayer _between th icide fi nay provide clues to
explain how and w : in this : carried out a TEM
investigation of the o vas_prepared by
the use o presence of
vertically: gre , S show | gion was
too thick for detai . Fi ¥s lemonstrated
TEM studie a.C i h for detailed
investigations. EXce : slice were removed
in the polishing s 1 uneven boundary

was observed in the e apparent variation

()

fe

¥ /WWMM“MWNWWW |
5 um 2pm

) o
Figure 3.10 (a) Low-magnification cross-sectional TEM image of | showing the
presence of NWs on top of a thin film and (b) high-magnification image of the dashed
rectangular area in (a).
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layer was

EM image

area in Figure 3.12a

can be observed. In the lower crystalline region, two sets of lattice spacings are
clearly seen and are measured to be 0.23 and 0.20 nm. These coincide well with (311)
and (022) lattice spacings of C54-TiSi,, respectively. Figure 3.12c displays the result
of an SAED study of the rectangular area shown in Figure 3.12a. The dotted pattern
suggests that the single crystalline region could be indexed to [011] zone axis of
orthorhombic C54-TiSi,. Figure 3.12d,e presents the EDX spectra acquired from areas

in the circle and the dotted circle in Figure 3.12a, respectively. The spectra confirm
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Figure 3.12 (a) Cross-sectional TEM image of the interface in |, (b)) HRTEM image
and (c) SAED. pattern from-the-solid square region in (a). EDX spectra-from (d) the
solid and () the dotted circled areas in (a). The Cu signal is from the Cu.TEM grid.

that bothithe amorphous and the crystalline regions are mainly composed of Ti and Si.
Clearly, the Ti/Si ratio of the amorphous layer is higher than that of the.crystalline
layer below. This is consistent with the EDX line-scan result shown in Figure 3.9.
Thus, we designate the amorphous layer to have a composition TiSlz.x, Where 0 < X <
1. This is due to the fact that along the growth direction of the layers, the Ti
concentration increases while the Si_concentration decreases as the reaction proceeds.
Moreover, a high magnification image ‘of the "interlayer shown in Figure 3.11d
indicated the presence of small crystallites. Enlarged views of some crystallites were
shown in Figure 3.13. All of them displayed lattice spacings assignable to crystal
planes of TiSi. Consequently, the presence of the nanocrystallites in the interlayer
appears to be the key factor to induce the growth of NWs with phases different from
the C54-TiSi, thin film below. Previous studies involving solid state diffusion systems

have reported that amorphous titanium silicide layers at the Ti/Si interface formed
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before the formation of crystalline slilicides.®” Thus, the growth sequence of the
silicide layers are determined to be in the order: growth of a TiSi, thin film on Si
initially, formation of an a-TiSi, interlayer next, nucleation of TiSi in the interlayer
subsequently, and lengthening of TiSi NWs finally. How and why the presence of the

interlayer initiates the NW growth will be discussed further below.

4 nsr(m) T|S| (211)

c"~

Figure 3.1 " TEN : d crystallites sho jure 3.11d. Possible
crystal plane assignme |

On the basis of the daar above, 3 racion pathway is proposed in
Figure 3.14 to summarize the TiSi growth. In our CVD system, TiCl, reacts with Ti
powders to produce TiCly subhalides at 1173 K in the first heating zone upstream
from the Si substrate. Then, as the TiCly molecules reach the substrate surface at 1073
K, they disproportionate into TiCl, molecules and Ti atoms, which deposit on the
substrate surface.® The Ti atoms could react with the Si substrate directly to form

titanium silicides, such as C54-TiSi, produced in this study. Alternatively, vapors of
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Figure 3.

TiCl, and TiCly could react ¢ silicides

and SiCly b ( 3 er source Si atoms for
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! diffusion.of Si atoms from the

as a barrier to impede /
hampe rther interaction between the Si atoms in the

1 1
substrate and the Ti atoms deposited o urface. Consequently, the Si

the silicide fo

thick and inert'la

substrate.® This wo

concentration on the surface is reduced while formation of a Si-poor a-TiSiy
interlayer begins. We want to emphasize that the interlayer, which may be viewed as a
quasi-liquid thin film, might be the key to the successful growth of titanium silicide
NWs in this study.”® After the amorphous interlayer is formed, nucleation of
crystallites of a different titanium silicide phase, such as TiSi in I and 111, as well as
TisSiz in V may start. Chemical composition of the interlayer, which varies with the

reaction condition, affects the phase nucleated.”” As the reaction proceeds, these
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nuclei at a relatively low supersaturation condition act as the seeds for further growth
of the single crystalline titanium silicides. Since quantity of the seeds is limited, sites
suitable for silicide growth are limited as well. Consequently, the crystalline NWs can
grow only from selected spots on top of the amorphous layer. Reports on how
quasi-liquid layer affected crystal growths are known. Recently, several research
groups demonstrated the fabrication of NWs of metal silicide, including NiSiy, CrSiy,
FiSi, and CoSi, without the use of any metal nanoparticles.****®*® These may
proceed via analogous routes.

Reaction temperature ‘has a great influence on'.the crystal phase and the
morphology of the NWs grown in this study. We suggest that the phase of the
obtained NWSs:is highly dependent on the elemental composition of the interlayer. At
a high temperature, the diffusion-rate of Si atoms from the substrate is raised.”* This
would increase the Si'concentration in the interlayer; as verified in the SEM EDX data
shown in"Figure 3.8. In addition, the disproportionation of TiClyg) to form TiClsg and
Tig) is less favored because the estimated Gibbs free energy of ‘reaction is more
positive.”” All.of these would allow the interlayer forméd at 1073 K contain more Si
than that deposited at 973 K. Consequently, the NWs grown at 1073 K have more Si
atoms to form the TiSi phase; while.the NWs obtained.at 973 K, with less Si atoms,
have the TisSiz phase. The distinct morphologies of the NWs may result from the
difference in their diameters, which are 30 — 80 and 20 — 50 nm for TiSi and TisSis,
respectively. In addition, the bulk mechanical hardness of TiSi and TisSiz, 18.0 and
9.86 GPa, respectively, may affect their morphology t00.?® Besides, TisSis NWs may
contain more defects and become thread-like, whereas the TiSi NWs might be better
crystallized so that the NWs grow upward on the substrate. All of the factors may

explain why the TiSi NWs are straight while the TisSi; NWs are coiled.
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As mentioned in the TEM studies, the TiSi NWSs show preferred growth
orientation in the [010] direction while the TisSiz NWs show that in the [001]
direction. We analyzed their crystal structures to rationalize the observed phenomena.
Figures 3.15 and 3.16 displayed the crystal models of TiSi and TisSi3; viewed along a,
b, and c axes. In Figure 3.15, the Si-Si distance found in the structure was 0.2171 nm.
Clearly, this is much smaller than the Si-Si distances of many molecular compounds
containing Si-Si single bonds, ranging from 0.2363 to 0.2370 nm.”*™ On the other
hand, the Ti-Si and the Ti-Ti distances shown in Figure 3.15 were 0.2599 and 0.3227
nm, respectively. They are longer than the Ti-Si and the Ti-Ti bond distances reported
in the literature for the corresponding molecular compounds, 0.2594 — 0.2629 nm and
0.2889 — 0.2942 nm for the Ti-Si-and the'Ti-Ti‘bonds, respectively.”®This suggests
that the Si-Si.bonds in TiSi-arestronger than the Ti-Si-and Ti-Ti bonds. Censequently,
forming Si-Si bonds stabilizes the structure more than forming Ti-Si and TI-Ti bonds
does. In Figure 3.15, the presence of high density Si-Si bonds along b axis of TiSi was
observed. This suggests that the growth of TiSi along.the [010] direction should be
more favored because the overall energy is decreased. A similar analysis.is carried out
to account for the preferred growth of hexagonal TisSi; in the [001] direction. Figure
3.16 displayed the crystal models-of hexagonal. TisSiz viewed along a and c axes.
Formation of Ti chains with extremely short Ti-Ti distance 0.2575 nm was observed
along c axis. The distance is shorter than the Ti-Ti distances observed for many
molecules containing Ti-Ti bonds. The nearest Si-Si and Si-Ti distances were 0.3024
nm and 0.2797 nm, respectively. These are longer than the molecular Si-Si and Ti-Si
bond distances mentioned above. As a result, the growth of TisSiz along the [001]
direction would produce more Ti-Ti bonds and lower the energy. For comparison, the
growth directions of hexagonal phase CrSi, and FesSiz NWs were also found to be

along [001].***” On the other hand, the reported growth directions of TiSi NPs and
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NWs were different from our observation.>®> After comparing the XRD results, we

discover that the reported nanostructures had a different TiSi phase (JCPDS-65-2585,
ICSD 20375).

Figure 3.15 Crystal models of ortherhombic TiSiwviewingalong (a) a, (b) b, and (c) ¢
axes. The short Si-Si bonds (0.2171 nm) are linked in.yellow sticks. Orthorhombic TiSi

(JCPDS 17-0424, ICSD 43494): space group Pnma (no. 62), a =0.6544.nm, b = 0.3638
nm, ¢ = 0.4997 nm.
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Figure 3.16 Crystal models of hexagonal TisSis viewing along (a) a and (b) ¢ axes.
Viewing along b axis is equivalent to viewing along a axis. The short Ti-Ti bonds
(0.25754 nm) are linked in yellow sticks. Hexagonal TisSiz (JCPDS 78-1429, ICSD
62591): space group P6s/mcm (no. 193), a = 0.7610 nm, ¢ = 0.51508 nm.
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3.3.6 Electron Field Emission Properties of Titanium Silicide

Samples

Titanium silicides are suitable for EFE applications, due to their high melting
points, low work functions (3.71 - 4.53 eV), and high conductivities.>*® Thus EFE
properties of the samples obtained in this study were investigated. The results are
shown in Figure 6. Detailed EFE properties, such as turn-on field E,, which is defined
as the electric field required to generate a current density (J) of 10 pAcm™, and field
enhancement factor g, which is'deduced from the Folwer-Nordheim (F-N) plot (the
inset of Figure 6 showing the In(JE?)~(E:Y).relationship; are summarized in Table 1.%°
Sample | demonstrates the best EFE performance among our samples. The E, of | is
low, only 5.25 Vum™, while-the-Jn.x (at an applied voltage 1100 V) is high, 0.48
mAcm™. The low E, value is associated with its high INW aspect ratio. The'high Jmax
could be_attributed to its high NW density, low TiSi resistivity, and.low sheet
resistance, which is 8.6 x 10% Q/a. B« of I is 876, calculated from the equation 3
= ¢*?/¢., where ¢.is the work ‘function of TiSi, 3.99 &V, while ¢s is the effective
work-function derived from the slope of the F-N plot of I shown in the inset of Figure
3.17."" Other samples from this.study did not perform-equally well because they lack
the proper combination of NW density, aspect ratio, and overall NW/thin film
resistance. For example, 11 could not emit electrons even under the highest possible
field applied. This is because Il was a partially formed TiSi, film lacking 1-D
nanostructures for emission. Sample 111 shows an E, 8.5 Vum™ which is higher than
I’s value because Il has shorter NWs and consequently, a lower aspect ratio. The
same reason is also applicable to explain 1V’s poor performance. Sample V has an E,
5.4 Vum™, which is slightly higher than I’s result, but a Jna only a third of the value

of 1. This is attributed to V’s low NW density, high TisSi3 resistivity, and high sheet
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resistance, 1.9 x 10™ (/0. In contrast, | is composed of high density, high aspect ratio
and vertically aligned crystalline TiSi NWSs. These ensure that nearly all NWs in |
could emit electrons effectively. The result is that I is one of the best titanium silicide

NW emitting materials reported so far.>®
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Figure 3.17°EEE current density as a function of.applied electric field of samples I, and
I11-V. Inset shows their corresponding Fowler-Nordheim plots,
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3.4 Conclusions

In conclusion, TiSi NWs were grown vertically on a C54-TiSi, film employing
a unique CVD process. Disproportionation of gaseous TiCly subhalides, formed by
reacting TiClyg and Tig) at high temperatures, provided Ti atoms while the Si
substrate supplied Si atoms. Presence of an amorphous TiSi,.x interlayer was observed
between the NWs and the film. This interlayer, probably existed as a quasi-liquid thin
film during the growth, appears to be the key factor to assist the development of 1-D
nanostructures. Varying the reaction conditions,.such-as time and temperature, would
modulate reactivity.and diffusion rate of the Ti and Si containing reactive species and
limit the number of nucleation-sites;~This would influence not only cemposition and
morphology. but also physical-and chemical. properties of the  produet. Growth
direction of the TiSIi NWSs was determined to be along [010]. The phenomenon could
be attributed to the presence of strong Si-Si bonds along TiSi’s b axis. This would
lower the.energy and provide high stability for the growth of TiSi in.[010]. The
vertically grown TiSi NWs demonstrates superior EFE properties with a low E, 5.25
Vum™ and a high. 4 876. The high performance is attributed to TiSi’s low work
function, growth of highdensity, high aspect ratio, and vertically aligned 1D
nanostructures, and the existence of .a highly conductive TiSi, film below. Our study
has provided a new route to grow unusual TiSi NWs which cannot be fabricated by
other means so far. The synthesis will offer opportunities to study other physical and

chemical properties of this unique material in the future.
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Chapter 4

Chemical Vapor Deposition of Ti,Si, Film and

Single Crystalline C49 TiSi, Nanoplates

4.1 Introduction

In addition to one-dimension nanostructures, two-dimensional nanostructures
also show unique physical and chemical properties for future applications.*™ There
are some synthetic  strategies to obtained two-dimensional. nanostructures. For
example, Ag nanoplates were.synthesized with.capping agent to confine the crystal
growth inte-two dimensions;*~Second, self-assembly block copolymer was used as
template to synthesize ZnSe nanoplates. In addition, under proper reaction condition,
nanoplates could be obtained with: compounds that have anisotropic  structure
nature.®,* Inichapters 2 and 3,.we have investigated the preparation of titanium silicide
samples through a unique CVD process without using the hazardous . SiH, gas and
catalyst for one-dimensional nanostructures. TiCly, generated by reaction between
TiCl, vapor and Ti metal, was used.as the precursor to grow titanium silicide thin
films or NWs on Si substrate.**# Also, in this chapter, we will demonstrate the
synthesis of C49 TiSi, nanoplates on Si substrate via our CVD process under low
TiCl, vapor pressure condition. The characterization and the growth mechanism of the
two-dimensional nanostructure will be discussed below. Moreover, influence of the
reaction temperature and time on the morphologies, crystal structures, and film
growth rate of the titanium silicide samples are investigated in detail to better

understand the reaction process.
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4.2 Experimental Section

4.2.1 Synthesis Procedure

A summary of reaction conditions and experimental observations is listed in
Table 4.1. The detail reaction procedure is described below. Ti powders (0.3 g) were
placed at the highest temperature zone at 1173 K. Si (100) wafers with size of 0.7 x
1.5 cm?, cleaned by RCA process were placed at a low temperature zone at 723 —
1073 K downstream. After the chamber was evacuated.to lower than 2 mtorr, TiCl,
immersed in a 298 K water bath was vaporized into the reaction chamber at a pressure
of 20 mtorr, which is manipulated by.a needle valve../After 30. min te 6 h, the supply
of TiCl, was stopped and the reaction system was cooled to room temperature.
Samples of gray or black-thin-films deposited on Si_substrates were obtained. By
changing the reaction condition, thin film samples with different morphologies and
crystal structure could be obtained. On the other hand, when the TiCl, was.changed to
a 273 K ice bath and the partial pressure was reduced to 10 mtorr. After 30 min,

C49-TiSi, nanoplates on Si substrate could be obtained at 973 K.

4.2.2 Characterization lnstrument

The SEM and EDX data ‘were collected using JEOL JSM-6330F and Hitachi
S-47001 at 15 kV. The TEM, SAED, and high-resolution transmission electron
microscopic (HRTEM) images and EDX were acquired on a scanning transmission
electron microscope (STEM) JEOL JEM-3000F at 300 kV. The X-ray photoelectron
spectroscopy (XPS) measurement were carried out using a Perkin-Elmer PHI 1600
spectrometer with Mg Ko (1253.6 eV) radiation. The sample surface was cleaned by
an Ar” ion sputter gun. The XRD studies were carried out using a MAC MXP-18 and

a BRUKER AXS D8 ADVANCE with Cu Kal radiation.
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4.3 Results and Discussion

All reactions were performed in a low pressure reactor as shown in Figure 2.1.
TiCly, the precursor, was vaporized into the reaction chamber at a controlled partial
pressure. Close to the precursor inlet, Ti powders were placed at the heating zone at
1173 K. Si (100) wafers were placed at the center heating zone at 723 - 973 K. After
30 min to 6 h, deposition of a gray layer on the substrates was observed. A summary

of the representative samples prepared in this study is listed in Table 2.1.

Table 4.1 Summary of Samples

Sample  Morphologies NWs Length/ Temperature  Time  TiCl, Temp . TiCl, Pressure  Growth rate

and Phases Film Thickness=(K) (min)  (K) (mtorr) (nm/min) b
| C49-TiSiy film 100 nm 723 60 298 20 1.6
I C49-TiSi, and 550 nm 773 60 298 20 9.2
C54-TiSi, film
1] C54-TiSij film 2 um 873 60 298 20 33.3
v C54-TiSi, film 2.6 um 973 60 298 20 43.3
\% TiSi NWs on 2-5 um/ 1073 60 298 20 170

C54-TiSi, film  10.5 um

VI C54-TiSi, film 2.2 um 973 30 298 20 73.3

Vil TisSis NWson  0.5-3 um/ 973 180 298 20 19.4
C54-TiSi, film 3.5 um

Vil TisSi; NWson 25 um/ 973 360 298 20 16.6
C54-TiSi, film 6 um

IX C49-TiSi, 30-100 nm/ 973 30 273 10 -

nanoplates 0.5-5 um*®

® Thickness / lateral dimension of the nanoplates. ® Estimated from the SEM image.
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4.3.1 Titanium Silicide Films Grown at Different

Temperatures

Figure 4.1 shows SEM images of samples synthesized at different temperatures
for 60 min. The growth temperature of sample I, I, 111, 1V, and V are 723 K, 773K,
873 K, 973 K, and 1073 K, respectively. SEM images of I, Figure 4.1a and b display a
thin film with small grains on the top and a thickness of 100 nm. Figure 4.1c and d
demonstrate that 11 has rough.film surface and the film thickness is raised to 550 nm.
111, prepared at 873.K, shows athickness of 1.8 =2 um and an uneven surface. As
shown in Figure 4.1g and h, 1V obtained.at 973 K for 60 min also displays a 2.6 um-
thick film and scarce and short nanowires on it. Figure 4.1i is a low magnification
top-view image of V, revealing the presence of high ‘density Two-dimensional
nanostructures on the deposited product. Figure 4.1j displays a side-view image of V,
indicating.that the product deposited on the substrate Is composed of a film. (thickness
10.5 um)and above it, a layer of NWs pointing upward. The growth rate of the thin
film, 1.6 — 170 nm/min, was evaluated from the cross-sectional SEM 1mages. As the
data shown in table 4.1, the growth rates of the sample synthesized for 60 min (I-V)
increase with the reaction temperature. At 723 K, 1, the growth rate was very low (1.6
nm/min). When the reaction temperature was raised to 1073 K, the deposition rate
increased notably to a rate of 170 nm/min. As a consequence, the growth rate was
increased with the reaction temperature.

XPS studies were performed to verify the chemical state of the Ti and Si in the
samples. XPS spectra of sample 1V grown at 973 K for 60 min are shown as a typical
example, since the spectra of the samples are quite similar. Figure 4.2a shows the
high-resolution spectra of Ti. The signals of Ti 2py; and Ti 2ps/, are observed at 460.4

eV and 454.4 eV, respectively. These are close to the values of Ti-Si binding energy.
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Figure 4.1 Top-view and side-view SEM images of samples grown at different reaction
temperatures for 60 min. (a)-(b) 723 K (1), (c)-(d) 773 K (1), (e)-(f) 873 K (I11), (g)-(h)
973 K (IV), and (i)-(j) 1023 K (V).
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Figure 4.2 High-resolution XPS.spectra of the film grown at 973 K for 60 min. (a) Ti
2p1/2 and Ti 2p3/2 electrans and (b) Si 2P electron:

The binding energy of Si 2p electrons,. Figure 4.2b, shows one hinding energy of
99.0eV and could be assigned to Si-Ti binding energy. Thus, the chemical states of the
Ti and Si in the samples are-determined to be Ti-Si bonding:**

The crystal structures of the films were examined by XRD. In Figure 4.3,
sample 1, synthesized at 723 K for 60 min showing two broad peaks at 20.. = 40.8°
and 50.9°'marked with blue circles were assigned to the {131} and {002} reflections
of orthorhombic. C49-TiSi; (JCPDS 10-0225), which suggested that the film was
composed mainly of ‘orthorhembic C49-TiSi, phase. Sample I'l.displays one strong
diffraction peak at 20" - =:33%.which could be assigned to be the Si {020} reflection,
which results from the Si substrate used. Four peaks around 26 = 39.1°, 42.3% 43.5°,
and 50° marked with gray circles could be assigned to the {311}, {040}, {022}, and
{331} planes of C54-TiSi, (JCPDS 35-0785), respectively. In addition, two minor
reflections at 20 = 40.8° and 50.9° marked with blue circles corresponds well with the
{131} and {002} planes of C49-TiSi,. Thus, we conclude that 11, synthesized at 773
K for 60 min, is composed mainly of C54-TiSi, and a portion of C49-TiSi,. As the
reaction temperature was further raised to 873 K and 973 K, for sample 11l and 1V,

respectively, only diffraction patterns of C54-TiSi, could be observed. Therefore, 111
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Figure 4.3 XRD patterns of samples prepared at different.temperatures for 60 min
(1-V).

and IV are determined to be C54-TiSi, films. As mention in chapter 3, sample
fabricated .at 1073 K for 60.-min,_V, contains. TiS1_NWs with a preferred growth
orientation in.[020] direction on the top of a C54-TiSi, film. The presence of pure
C49-TiSi, phase at low reaction temperature of 723 K, mix phases.of C54 and C49
TiSi, at 773 K, and pure C54. TiSiz.at temperatures higher than 873 K imply that the
C49-TiSi; is a low temperature metastable phase before the formation of C54-TiSi,.

This result coincides well with the previous research on titanium silicide.™

4.3.2 Titanium Silicide Film Grown at Different Time

Influence of the reaction time on the samples is discussed in this section. Figure
4.4 demonstrates the top-view and cross-sectional SEM images of the samples

fabricated at 973 K with different reaction time, which are 30 min, 60 min, 180 min,
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and 360 min for sample VI, 1V, VII, and VIII, respectively. The SEM images (Figure
4.4a and b) of sample VI, which was grown at 973 K for 30 min, displays a film with
an uneven surface and a film thickness of 2.2 um. When the growth time was 60 min,
sample IV was obtained. As shown in Figure 4.4c and d, there are few NWSs on a layer
of thin film with a thickness of 2.6 um. Figure 4.4e and f display the image of sample
VI, obtained after the reaction was carried out for 180 min at 973 K. Growth of some
thread-like NWs with lengths 0.5 - 3 um on top of a thin film with a thickness of 3.5
um is observed. When the reaction.time was increased to 360 min, as shown in Figure
4.4g and h sample VI, abundant thread-like NWs with'lengths 2 — 5 um were grown
on a film with thickness of 6 um. Thus, we can conclude that.only a thin film was
grown initially: When the.reaction time"was extended to a certain period of time,
growth of.1-D nanostructure was started. As the reaction time increased, density and
length of the NWs raised accordingly. Besides, the film growth rate was decreased
with the lengthening of reaction time; which were 73.3 nm/min and 16.6 nm/min for
sample synthesized at 30 min.and 360 min, respectively. As discussed in chapter 3, In
our CVD system, the TiCly molecular, generated through the reaction between TiCly
and the Ti powders at 1173 K, could react directly with.the Si substrate to form
titanium silicides and:SiClyg). bypreduct. The SiCly could decompose and serve as
another source of Si atom for the silicide formation. As the reaction progressed, the
presence of the relatively inert C54-TiSi, film could impede the reaction between the
TiCly and the Si substrate as well as the production of SiCly. Consequently, the
deposition rate of the TiSi, thin film decreased with the lengthening of the reaction

time.
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Figure 4.4 Top-view and sidé-iéw SEM images of samples grown at 973 K for 30 -
360 min. (a)-(b) 30 min (VI), (c)-(d) 60 min (1V), (e)-(f) 180 min (V1I), (g)-(h) 360
min (VIII).

Figure 4.5 displays the XRD patterns of the sample synthesized at 973 K for
different reaction time. All of them show four diffraction peaks marked by gray
circlesat 20 =39.1° 42.2° 43.2° and 49.7°, which indicates that these samples are

mainly composed of orthorhombic C54-TiSi, (JCPDS 35-0785) thin film. For sample
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obtained for 30 min, VI, a diffraction peak at 20 = 33°, which is assigned to Si {020}
plane. The Si diffraction was resulted from the Si substrate used. Only diffraction
peaks of C54-TiSi, are observed for sample synthesized at 30 and 60 min. Therefore,
IV and VI are determined to be C54-TiSi, films. As the reaction time increased more
than 180, in addition to the C45-TiSi, diffraction peaks, a weak diffraction peak at
20 = 34.8°is shown. This could be assigned to the reflection by by {002} plane of
TisSiz (JCPDS 78-1429), the main component of the NWs in VII and VIII. In
addition, the XRD data coincided well with'the TEM data of the TisSi; NWs, which

reveals that the NWSs is grown preferentially along [002] axis of TisSis.
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Figure 4.5 XRD patterns of samples synthesized at 973 K for different time.
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4.3.3 Synthesis of C49 TiSi, Nanoplates

4.3.3.1 Characterization of the C49 TiSi, Nanoplates

Two-dimensional titanium silicide nanostructures spontaneously formed by
reacting TiCly), producing by reaction between TiClyg and Ti metal at 1173 K, with
Si substrate at 973 K for 30 min. Unlike the samples discussed previously, the TiClag)
partial pressure in this study was reduced to 10 mtorr by keeping the TiCl,gy precursor
in an ice bath at 273 K. Figure 4.6.shows the SEM image and XRD of sample IX,
grown on Si wafer at 973 K for 30.min-as the. TiCls was immersed in an ice bath.
Top-view SEM image of IX, Figure 4.6a, reveals numerous thin plate structures on
the Si substrate. Inset is the'EDX spectrum taken at the center part in Figure 1a, which
implying that the nanoplates-are-composed of . T1 and Si only. In addition; Ti and Si
atom% estimated from the EDX are 34 % and 66 %. Figure 4.6b-indicates that the
thickness and lateral dimension of the nanoplates are about 30 - 100 nmand 0.5 - 5
um. In addition to the plate-like structures, some net-like structures could:be observed.
Enlarged-view of the nanoplate 1s shown in Figure 4.6¢. The nanoplates.are composed
of arrays of one-dimensional nanostructures in two directions, which are
perpendicular to one another, with diameters of 20 — 50nm. Figure 4.6d demonstrates
the XRD pattern of 1X. Diffraction.peaks at 20 __=33° which is assigned to Si {020}
plane, results from the Si substrate. In‘addition, there are two sets of diffraction peaks
could be observed. Minor diffraction peaks at 20 = 39.1° 43.5°, and 50° marked with
gray circles could be assigned to the {311}, {022}, and {331} planes of orthorhombic
C54-TiSi, (JCPDS 35-0785). Two strong peaks at 20 = 40.8° and 50.9° marked
with blue circles were assigned to the {131} and {002} reflections of orthorhombic
C49-TiSi, (JCPDS 10-0225). Thus, we attributed the presence of C54-TiSi, to the

underlying film on the surface, similar with sample 11 in chapter 3, partial C54-TiSi;
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film obtained at 1073 K for 10 min. The C49-TiSi, signals are resulted from the

nanoplates, which is further confirmed by TEM studies and will be discussed below.

O c54-Tisi,
@c49-Tisi,

Inter.lAsi'ty (a.‘u.)

Figure 4. 6 Characterlzatlon of sample IX grown on Si wafer at 973 K for 30m|n as the
TiCl, was® |mmerSed in an ice bath SEM studies: (a) low magnlflcatlon ‘image, and
EDX spectrum (mset) (b) hlgh magnlflc;atmn |mage of the nanOpIates (c)
enlarged-view of‘the nanoplats and (d) XRD pattern.

Figure 4.7a showsarepresentatlve TEMlmageofananoplate isolated from IX.
The lateral-dimension of this' nahoplaté\isuabéut 480 — 800 nm. The various contrast
through the plate implies that the plate have an uneven surface. Figure 4.7b
demonstrates EDX spectrum taken from the square area in (a). The data indicates that
the nanoplate contains Ti and Si only. In addition, the Si/Ti atomic ratio is 2.3, which
is close to that of C49-TiSi,. SAED shown in Figure 4.7c represents well-defined ED
spots denoting that the nanoplate is single-crystalline. In addition, the ED are

determined to be from {200}, {002}, and {202} planes of orthorhombic TiSi with
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[010] zone axis. Figure 4.7d represents the HRTEM image from the same region. The
lattice spacings 0.181, 0.179, and 0.127 nm are assigned to {200}, {002}, and {202}
planes of C49-TiSiy, respectively. According to the SAED and HRTEM results, the
nanoplates in 1X are determined to be single crystalline C49-TiSi, with a basal plane

of (010) plane.

Figure 4.7 TEM studies of sample IX. (a) Low-magnification TEM image, (b) EDX
spectrum, (c¢) SAED, and (d) HRTEM image were obtained at the square area in (a).

4.3.3.2 Proposed Reaction Pathway of the C49 TiSi, Nanoplates

In our CVD system, titanium subchlorides TiCly (x = 1-3), produced by the
reaction between TiClsg and Ti atoms at 1173 K, could disproportitonate into TiCls
and Ti atom below 973 K. Alternatively, the TiCly and TiCl, vapor could react with
the Si substrate to produce Si-rich TiSiy clusters and gaseous SiCly byproducts, which
might act as another Si source in the formation of small TiSiy clusters.** Existence of

etched holes with small clusters around them further confirms this reaction progress.
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As the reaction continues, titanium silicides clusters start to grow into
two-dimensional C49-TiSi, nanoplates. Sample VI, obtained at 973 K with TiCly)
partial pressure of 20 mtorr for 30 min shows a C54-TiSi; thin film with a thickness
of 2.2 um. On the other hand, when the partial pressure of TiCl,g) was reduced to 10
mtorr, by immersing the TiClyg precursor in an ice bath at 273 K, abundant
two-dimensional C49-TiSi, nanoplates were formed. Different morphology of
samples obtained in VI and IX could be explained by the supersaturation crystal
growth theory, anisotropic’ growth ~of TiSix nuclei occurs at a relative low
supersaturation condition. Similar two-dimensional C49-TiSi, nanostructures have
been reported. The author claimed that the growth of two-dimensional structures may
be attributed to the orthorhombic.symmetry and.corresponding atomic arrangements.
The assumed. that the Cl terminations serve as a passivation layer that prevents further
deposition on the b planes. Here, we propose another hypothesis to rationalize the
growth mechanism of the C49 nanoplates. The formation of C49-TiSi, nanoplates is
possibly due to their anisotropic structure, which will be discussed below. Figure 4.8
displayed the erystal models of orthorhombic C49-TiSi, viewed along a, b, and c axes.
In Figure 4.8a, Si-Si bonds with distance of 0.232 nm, which are smaller than the
Si-Si single bond distances reported.(0.2363 — 0.2370 nm), were observed along the ¢
axis.'®" In addition, Figure 4.8b-c demonstrate the model have the Ti-Si bonds
shortest distance of 0.264 nm, which are only slightly higher than the reported value
of 0.2594 - 0.2629 nm, were linked with yellow sticks."®*® According to Figure 4.8b
and c, crystal structure viewed along the a and c¢ axes, respectively, C49-TiSi, was
determined to be a layer structure with a basal plane parallel to the (010) plane. The
anisotropic structure nature makes the preferred growth along the (100) and (001)
faces. The results were consisted with the TEM studies of the C49-TiSi, nanoplate,

which shows a basal plane of (010). According to the TEM studies, the top-right

89



corner of the nanoplate seems to have edges of (202) and (-202) facets. This
phenomenon could be attributed to the higher growth rates of the (100) and (001)

faces. The faster crystal facets grow the more easily there facets disappeatr.
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Figure 4.8 Crystal models of orthorhombic C49-TiSi, viewingalong (a) a, (b) a, (c) b,
and (d) c axes. The short Si-Si.bonds (0.232 nm) are linked in yellow sticks in (a). The
Si-Si and Ti-Si, with ‘the shortest distance; are linked in yellow sticks for clarity in
(b)-(d). Orthorhombic C49-TiSi, (JCPDS 10-0225): space group Cmcm (no. 63), a =
0.362 nm, b = 1.376 nm, ¢ = 0.3605 nm.
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4.4 Conclusions

Titanium silicides samples were obtained through our unique CVD system. In
this chapter, we have discussed how the reaction temperature and reaction time
influence the morphologies, crystal structures, and the film growth rate of the samples
obtained. For samples grown at different temperatures for 60 min. C49-TiSi, film was
fabricated at 723 K. When the reaction temperatures were raised to higher than 873 K,
C49-TiSi, disappears and C54-TiSip-becomes the.major product. TiSi NWs on top of
C54-TiSi, film was fabricated at 1073 K. For.samples grown.at 973 K for different
time, only thin film samples were obtained. Only with sufficient time, more than 180
min, one-dimensional nanostructures will be obtained. In addition, the film growth
rates weresincreased, when-the-reaction temperature was raised. While, for reaction
obtained at 973 K for different reaction time, the film growth rates were reduced, with
reaction time. In the third part, C49-TiSI, nanoplates were synthesized when the vapor
pressure of«the TiCl, was reduced to 10 mtorr. The preferred basal plane of the
C49-TiSi, nanoplates was determined to be parallel to the (010) plane. This could be
attributed to the anisotropic nature of the C49-TiSiy, which shows a layer structure
with layers parallel to the (010) plane. That is, the growth rates of the (100) and (001)
faces would be higher than those of other faces. Comparing with the titanium silicide
NWs discussed in chapter 2 and 3, with preferred growth direction of [002] and [010]
for TisSiz NWs and TiSi NWs, respectively. The crystal structure nature takes an

important role on the growth of anisotropic nanostructures.
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Chapter 5

Conclusions

Titanium silicide samples, with different crystal phases and morphologies,
including nanowires (TisSiz and_TiSi), nanoplates (C49 TiSi,), and thin films (C49
and C54 TiSiy) have_been successfully synthesized via a unique chemical vapor
deposition process. Disproportionation of gaseous TiCly. subhalides, formed by
reacting TiClyg and Tigat-high temperatures, provided Ti atoms while the Si
substrate supplied Si atoms.-\Varying the reaction conditions, such as time and
temperature, would modulate reactivity and diffusion rate of the Ti-and Si containing
reactive 'species. That is, the composition, morphology, physical and chemical
properties.of the products could be manipulated within one synthesis system.

This study is the first growth of single crystalline TisSi; NWs on C54-TiSi, thin
films through CVD without additional catalyst. The diameters of the NWs are about
20 - 50 nm and the lengths.are several micrometers. In addition, the growth direction
of the TisSiz NWs is determined to be along the [001] axis. Furthermore, TiSi NWs
grown perpendicularly on the C54-TiSi, thin films were also fabricated in the study.
These TiSi NWs have diameters of about 20 — 80 nm and several micrometers in
length. The growth direction of the obtained TiSi NWs is identified to be along the
b-axis of TiSi. In NWs samples, we have observed the existence of an amorphous
TiSi,« interlayer between the NWs and the film below. This interlayer, probably
existed as a quasi-liquid thin film during the growth, is believed to be important to

assist the growth of 1-D nanostructures. This result may shad light on the growth
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mechanism of other 1-D nanomaterials.

In addition, C49-TiSi, nanoplates on Si substrate were synthesized under low
TiCl, vapor condition. The thickness of the the thickness and lateral dimension of the
nanoplates are about 30 — 100 nm and 0.5 - 5 um. The preferred basal plane of the
C49-TiSi, nanoplates are determined to be parallel to the (010) plane. This could be
attributed to the anisotropic crystal structure of the orthorhombic C49-TiSi,, which
shows a layer structure with layers parallel to the (010) plane. Preferred growth
phenomenon of TisSiz NWs, TiSI NWSs, and C49 TiSi, nanoplates indicates that the
crystal nature of the samples plays an important role on the growth of anisotropic
nanostructures.

EFE properties of the.titanium silicide samples are studied in this research. The
EFE properties of these “titanium silicide emitters are highly depended on the
morphology and crystal structure of the NWs and_thin films. The turn-on field E, of
TisSi; NWs and TiSi NWs are 5.4 Vum™ and 5.25 VVum™, respectively, The titanium
silicide NWs also show remarkable field enhancement factor , which are 816 for
TisSis NWs and 876 for TiSi NWSs. The high performance is attributed.to TiSi’s low
work function, growth of high density, high aspect ratio, and. vertically aligned 1D
nanostructures, and the existence-of a highly. conductive TiSi, film below. These
notable results suggest that titanium silicide emitters could serve as promising
candidates for future field emission devices. Our study has provided a new route to
grow titanium silicide nanomaterials with various morphologies and phases. Metal
silicide nanostructures with different metal component might be produced through
this synthetic method with appropriate precursor. In addition, these novel titanium
nanostructures offer opportunities to study their physical and chemical properties,
such as field emission properties of single NW, electrical conductivity of the NWs,

and photoelectrochemical water-splitting properties, the future.
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