


ABSTRACT

Development and Characterization of Titanium Compound
Nanostructures

by

Zhou Zhou

The development and characterization of titanium compound nanostructures

have been achieved, for potential applications in energy industry. Oil and gas, one of

the traditional industry fields, observes accumulating demands on active

implementations of nanotechnology, for the numerous advantages that

nanomaterials can introduce to both product performances and field operations.

Using chemical vapor deposition and liquid exfoliation, various titanium compound

nanostructures have been synthesized through this project. Attractively, these two

material fabrication methods have been recognized to be industrial friendly in terms

of cost efficiency and productivity. The development of nanostructures, aiming at oil

and gas field applications, presents novel solutions for existing issues, such as low

durability of drilling tools, high friction in mechanical operations and ineffective

heat dissipation. Titanium compound nanostructures, including titanium borides,

nitrides and sulfides are therefore investigated for such applications as protective

coating, lubrication and thermal management.
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Chapter 1

Start Small – Nano

Nanotechnologies have commenced revolution to a variety of industries:

semiconductor, healthcare, aircraft, military and energy. One crucial drive for

nanotech advancement is developing novel nanomaterials and nanostructures,

along with their characterization and implementation. One of the most fundamental

peculiarities of nanostructures is the quantum confinement of carriers, leading to

quantized phenomena in electro-transportation, photoluminescence (PL), and

magnetic, thermoelectric properties.1 This introduction, I present several

nanomaterials, their fabrication and characterization techniques, associated with

my Master’s project, specifically, transition metal dichalcogenides and similar

transition metal compounds. Their nanostructures have been recognized with

superior mechanical, electronic, optical and chemical properties, for applications as

integrated circuit, nanomedicine, drug delivery carrier, super capacitor and solar

energy system.
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1.1. Two Dimensional Materials

The rising of two dimensional (2D) nanomaterials starts from graphene.

Geim’s group from Manchester first time separated single layer graphene sheet, via

mechanical cleavage, in 2004.2 The loveliness of graphene lies in its distinctive

electronic structure: linear energy dispersion at K point, zero bandgap and massless

Dirac fermion electrons. Early investigating stabilized, exfoliated graphene opened

up the gate of van der Waals (vdW) stacking 2D material research. Further on, many

species of 2D materials are explored, with one common feature of weak vdW force

between layers, which enables mechanical and chemical exfoliation to realize single-

or few-layer separation from their bulk crystal.3 Advancement in synthesis,

detection and characterization techniques promotes the research in 2D materials

over decades.3 Some of the early successes involve monolayer hexagonal boron

nitride (hBN), metal oxides, and transition metal dichalcogenides (TMDs). They

exhibit unique properties, such as elevated thermal conductivity, superconductivity,

and enhanced direct bandgap, inspiring researchers’ continuous effort.3–5 2D

heterostructures then arise, as a promising strategy to achieve tunable properties.

Examples have boron carbon nitrides (BxCyNz), an in-plane doping between

graphene and hBN;4 vertical staking: graphene-hBN and molybdenum disulfide

(MoS2)-graphene structures are also discovered by different groups along with their

exclusive electronic and optical properties.3, 4



15

1.1.1. Synthesis

Most commonly embraced synthesis methods of 2D materials are exfoliation,

vapor phase deposition, wet chemistry or solution phase synthesis, self-assembly

and their combinations.3–5 Weak vdW interlayer force allows direct exfoliation using

either mechanical force or chemical solution. The simple yet historic experiment of

“scotch tape” exfoliating graphene from highly ordered pyrolytic graphite (HOPG)

can be extended to many 2D crystalline such as vdW TMDs. Chemical exfoliation, on

the other hand, demands proper solvent with matching surface tension and external

force like ultrasonication. Intercalation species, such as Li and Ln ions, can promote

chemical exfoliation by increasing the interlayer distance of crystals.3 Vapor phase

deposition offers a versatile, scalable way of nanomaterial synthesis, not only for 2D

structures but for diverse configurations including, one dimensional (1D) nano-

tubes, wires and rods; three dimensional (3D) crystalline and heterostructures, with

its fundamental mechanism yet to be further explored.3 The products of vapor phase

growth in 2D nanomaterials are easily altered by many factors during deposition,

due to the often absence of catalysts.3 As one of the primary synthesis methods used

in this project, I’ve realized parameters, such as temperature, gas flow rate and

pressure, have strong influence on deposition results. Solution phase synthesis of

2D material commonly refers to a solvothermal reaction or colloidal synthetic

methods, which has been successfully implemented in TMDs growth.3 Colloidal

methods are considered to be cost effective, but difficult to control the deposition

thickness.3 Discussion on exfoliation and chemical vapor deposition (CVD) is

presented in following sections.
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1.1.2. Doping and Functionalization

The ultra-large surface ratio of 2D nanoscale sheets makes atomic level

doping and functionalization more feasible, modifying certain properties of

materials. Doping is commonly achieved by diffusion and implantation, which

normally induces lattice structure disruption; while, functionalization is often a

chemical modification without disturbing the atomic structure of 2D sheets,

decorating the surface with functional groups.5 Both can be suitable for different

purposes, for instance, tuning bandgap and charge density, chemical activation for

sensing or catalyzing, and formation of new nanocomposites.5

1.1.3. Detection and Characterizations

Single or few layer 2D nanomaterials are frequently grown or transferred

onto SiO2/Si wafers for convenient detection and characterization. The dielectric

layer thickness of the substrate dictates the optical contrast between the nanosheets

and the substrates.3 The maximum contrast typically requires a SiO2 layer thinner

than 5 nm, with the precise thickness adjusting to specific material.3 The layer

number of 2D nanostructures can be verified with florescence microscopy, for their

exclusive direct bandgap occurring only when the thickness is reduced down to

single layer.3 As layer number increasing, the energy dispersion shifts into indirect

bandgap, weakening the florescence outcome.3 Atomic force microscopy (AFM) is

commonly utilized to measure the thickness of layered materials by detecting the
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vertical distance between different layers.3 Vibrational modes of 2D materials

identified by Raman spectroscopy can distinguish the different interlayer

interactions for single, few or bulk formations.3 Transmission electron microscopy

(TEM) is a predominant instrument for atomic resolution characterization in

nanomaterial research. The interaction between high energy electron beam and

atoms in plane provides physical and chemical information via scanning

transmission electron microscopy (STEM), selected area diffraction (SAED), electron

energy loss spectroscopy (EELS).3 Additionally, a dark field mode visualizes the

stacking between layers.3 X-ray diffraction (XRD) reveals crystal structures of

materials, in the case of nanoscale 2D structures, with confined thickness, a small

angle X-ray scattering or wide-angle XRD is more practical.3 Refining

characterization and detection methods is at all times considered essential to

decode the unique electronic, structural and vibrational properties of

nanomaterials; or, to spot defects and functionalization of 2D nanostructures.3

Especially, for forthcoming utilization, techniques of speed-detecting and non-

destructive nature are desirable to a great extent.3

1.1.4. Properties and Applications

2D nanostructures are renowned for their confined dimension and

symmetric surface construction unlike their bulks.3 Consequently, the influence

from substrates and defects are more pronounced.3 In terms of electronic

characters, the significance of reduced layer number is to shift and open up bandgap
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from indirect to direct, observed in many TMD compounds such as

(Mo/W)(S/Se/Te)2.3 Photonic properties are generally determined by the

transportation of excitons (electrons and holes).3 A couple of edge-related

phenomena of confined 2D surface are enhanced PL signal on the edge and spin

state altered by edge termination.3 Mechanically, 2D nanostructures are flexible to

bending and twisting.3 The tunable electronic, photonic and mechanical nature

makes 2D materials encouraging candidates as elec-, spin- and valley-tronics.3

Thermoelectrically, well dispersed 2D single and few layer nanosheets demonstrate

exquisite thermal conductivity, for instance graphene and hBN, owing to the out-of-

plane phonons, also predicted by theoretical calculation.3 Worth noticing is, the

stable suspension constantly challenges the industrialization of this high thermal

conductivity. Additional applications include optoelectronics, energy conversion

and storage, photoconductors and photovoltaic devices, dielectric layer for

electronics.3, 4 Furthermore, the chemical potential of 2D TMDs highly hinges on

their nanoscale morphologies, resulting in tunable properties such as the

magnetism of MoS2.5

1.2. Nano-Engineering of Two Dimensional Materials

Accumulating demands and encouraging specifications of 2D nanomaterials

have brought about sophisticated nano-engineered 3D structures. Many innovative

designs and development methods have been created for single matter 3Ds,6
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likewise, complicated nano-architectures involving hetero- or hybrid-

nanostructures.

One most popular hetero-assemble method of 2D nanomaterials, stacking,

syndicates different 2D nanomaterial layers vertically, for example, graphene-MoS2-

graphene stack as tunneling transistor3 and graphene-hBN structure for tunable

bandgap devices.3 Both assemblies have performed as tunneling field effect

transistors with remarkably high on/off ratios up to 104.3 The versatility of stacking

2D materials is one decisive factor to develop future flexible, transparent electronics

and optics with desired properties and morphologies.5

Different from vertical stack of 2D nanosheets, which can be achieved

through transferring and layering mechanically,5 in-plane heterostructures usually

require chemical doping or multiple-step depositions. A prominent in-plane system,

BxCyNz, has been created by supplying common hBN precursor, ammonia borane

(H3NBH3), to pre-deposited graphene monosheet.4 Tuning the ratio among B, N, and

C atoms, BxCyNz nanosheets have been able to deliver varying electronic

conductivities from insulator to semi-metal.4 Certain in-plane hetero of TMDs, such

as MoS2/WS2, are reported via CVD process using designated chalcogens and Mo

and W metal precursors together, as well.5
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Chapter 2

Transition Metal Dichalcogenides

Investigation towards bulk TMDs can be traced back to the 1960s, mostly

with MoS2 and NbSe2.3 TMDs are a group of compound materials with chemical

composition of TX2 (T = group IV, V and VI transition metal; X = chalcogen), and

layered crystal structure of X-T-X in each layer.7,8 Interlayer bonding is normally

vdW force, and every monolayer plane possesses hexagonal lattice structure.7,8 Two

primary unit cell coordinations are octahedral and trigonal prismatic, depending on

the relative orientation of transition metal atom and surrounded chalcogen atoms.7,8

In addition, variation in stacking orders creates different polytypes of bulk

crystals.7,8

In this chapter, I briefly introduce the development, synthesis, and

characterization of some heavily investigated TMDs. Their distinctive properties

and potential applications have inspired my Master’s project on titanium compound

nanostructures.
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2.1. Development

The physics of TMD layered structures has been gathering attentions since

the 70s.7 Calculations on the band structures indicate that IVB and VIB transition

metal compounds are generally semiconductors, including HfS2 and MoS2, or

insulators; while, VB group transition metal compounds, such as TaS2, TaS2, and

NbSe2, are metallic materials.7, 8 Following the epic success of 2D carbon structures,

monolayer MoS2 and WS2 has been first created as the inorganic analogues to

graphene.9 Same as graphene, 2D TMDs have weak vdW interlayer bonding.

However, the structure of TMD monolayer is more complicated with each layer

sheet consisting 3 atomic planes bonded by strong covalent bonds.7–9 Over decades,

in depth research on 2D TMDs have been reported regarding their preparation,

characterization and application. Different polytypes are also discovered. The major

interests focus on their electronic structures and photonic properties. In

conjunction with their mechanical stability, TMDs have demonstrated probabilities

in semiconductors, photonics, and various industrial applications.

2.2. Synthesis

Similar to graphene, the production of TMDs can be generally categorized

into two: exfoliation and chemical reaction. Numerous derivatives can be generated

based on these two synthesis methods, catering to quality, productivity and

property requirements.
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2.2.1. Exfoliation

Exfoliation achieved the first success in producing high quality 2D

nanosheets, graphene. Two dominant options of exfoliation techniques are between

dry mechanical force and liquid ultrasonication. For initial characterizations and

small quantity device fabrication, mechanical cleavage is always a preferred

technique, producing high quality single crystal nanosheets.8 While, for large scale

production, liquid exfoliation is superior, and commonly chosen to produce filler

composites, filtration coatings and flexible devices.8 Two approaches for liquid

exfoliation:

 Ion intercalation, first presented in 70s’10, inserts ion species in between TMDs

crystal layers, followed by reactions separating the layer sheets.8 The insertion

of ions is induced by either submerging powder TMDs in lithium-contained

liquid bath or applying electrochemical galvanic potential.11 Recent

explorations have realized lithium intercalation in popular semiconducting

TMDs such as (Mo/W)(S/Se)2. Altered electronic structures, due to metal atom

coordination shift, have been observed when applying lithium intercalation on

MoS2.12 This change in conductivity can be recovered through annealing at 300

°C.13

 Solvent-assisted ultrasonication mechanically separates layers with proper

solvent and ultrasonication force.14, 15 The stable dispersion of nanosheets
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after exfoliation relies on the suitability of solvent.8 Considerably, solvent

molecules tend to be adsorbed on the final produced TMD sheets, which

enhances the dispersion by repulsion, but also potentially interferes with the

electronic structures of materials.8

2.2.2. Chemical Vapor Deposition

Chemical synthesis is a versatile and widely adopted method for

nanomaterial development. Adjustments on synthesis parameters and conditions

convey countless possibilities in tuning the resulted nanostructures and their

properties.

CVD is one of the most popular methods in TMDs thin film development, for

its capability of large area single crystal fabrication.8 Among the earliest reports on

high quality CVD TMDs synthesis are the success of MoS2 thin films in 2012.16–18

However, the precise control of CVD growth in terms of thickness and crystal size

still seeks further improvement.8 Other chemical methods include:

 Epitaxial growth, developed for graphene growth previously;19

 Hydrothermal approach, a high temperature high pressure (HTHP) procedure,

generates TMDs single crystal, including (Mo/W)(S/Se)2, from solution.8

Reactions adopted are molybdic/tungstic acid with thiourea/selenourea

respectively.9, 20 This method also produces high quality TMDs, yet without

precise control over layer thickenss.8
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2.3. Characterization

Common characterizations of 2D nanomaterials include scanning electron

microscopy (SEM), TEM, AFM, XRD and Raman spectroscopy. H. S. S. Ramakrishna

Matte, et al., reported comprehensive characterization of MoS2 and WS2 thin films as

an excellent example.9 Using high resolution transmission electron microscopy

(HRTEM), they estimated the layer separation between exfoliated MoS2 and WS2

multilayers to be 0.65-0.70 nm, with an atomic distance of 2.30 Å between Mo and

S.9 Agreeably, calculation results have predicted Mo-S covalent bond with length of

2.41 Å.9 Raman spectroscopy of few-layer MoS2 displays significant peak shift

compared to bulk crystal:

 For bulk MoS2, A1g = 406.5 cm-1, E2g bulk = 381.2 cm-1; while, few-layer

samples shift both modes to lower frequencies, A1g ~ 404.7 cm-1 and E2g ~

377.4-379.7 cm-1.9

 Bulk WS2 possesses A1g at 420 cm-1 and E2g at 351 cm-1; which, similarly, shift

lower to 415 cm-1 and 350 cm-1.9

Additionally, the full width at half maximum (FWHM) appears larger in thin film

MoS2 and WS2, which is believed to be the consequence of quantum confinement in

phonon vibrations.9 More specifically, in few-layer configurations, S atoms are

allowed for vibrations that are not restricted by neighboring layers.9

These standard characterizations, combined with theoretical predictions,

often provide most comprehensive understanding of the physical structures and
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characters of 2D nanomaterials. In depth discussions of electronic and photonic

properties of TMDs are discussed in following sections with respect to practical

applications.

2.4. Properties

The physics of 2D nanomaterials are primarily dictated by their confined 2D

layer configurations, diverse coordination and stacking polytypes.7 Most

pronounced characters include the isotropic electro and thermal conductivity along

c-axis and in-plane.7 Noteworthy is several TMDs, such as (Mo/W)(S/Se)2, tuning

into direct bandgap from indirect as thickness reduced to monolayer from bulk.8

This direct bandgap, frequently in the range of 1.1-1.9 eV for monolayer TMDs,

induces novel photoluminescence phenomena to TMD semiconductors.8

Electronic features of 2D TMDs are the earliest to gather researchers’

attention. As thickness reducing, a shift in band structure and electron distribution,

caused by quantum confinement, is commonly discovered in most 2D materials. For

TMDs, the orbital hybridization of metal and chalcogen atoms is a core research

focus of the electronic structural change, studied intensively using first principle

theory (FPT) and discrete Fourier transform (DFT).21

Photonic behaviors, such as photoconductivity, photon absorption and

photoluminescence, of TMD materials are also thickness sensitive.8 Major influences

are: the shift of indirect bandgap from bulk to direct bandgap of monolayer, and



26

enlarged bandgap with decreased layer number.8 The direct bandgap enables direct

light absorption and emission, and increased bandgap leads to more significant

photoluminescence.8 Considerably, the 1.9 eV direct bandgap of monolayer MoS2

generates up to 104 higher quantum efficiency in photoluminescence, compared

with its bulk crystal, reported by Heinz’s group in 2010.22

Vibrational modes of TMDs have been calculated and compared with

experimental Raman spectrum. Main Raman peaks correspond to in-plane phonon

modes E2g, E1u and out-plane phonon mode A1g.8 The dimensional reduction of 2D

nanostructures results in decreased A1g intensity and increased E2g intensity.23 This

thickness dependence of vibrational mode intensity has been utilized to determine

the layer number of TMDs.23

Mechanical behaviors of TMDs demonstrate fascinating stability. Exfoliated

monolayer MoS2, for example, has an in-plane stiffness of 180 ± 60 Nm–1, with

effective Young’s modulus around 270 GPa, and can bear effective strain of 6-11%

before breaking.24

2.5. Applications

The electronic structures of TMDs nanomaterials have demonstrated their

potential in nanoscale transistors, photodetection devices and fabrications of many

micro- electronics and optics.8 The bandgap range comparable to silicon (1.1 eV) is

one of the key factors for TMDs’ to be applicable in semiconductor industry.8
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Monolayer TMDs transistors are considered to be a favorable solution to the size

threshold currently approaching by silicon based metal–oxide–semiconductor field

effect transistors (MOSFETs).25 The quantum effects caused by size reduction (tens

of nanometers) and difficulty in heat dissipation call for novel design of future

devices.25 In these regards, 2D TMDs nanostructures perform fairly advantageous

for their high on/off ratio, owing to considerably large bandgap and high carrier

mobility.8 Early reports in 2004 presented a WSe2 crystal with high as 104 on/off

ratio and carrier mobility, up to 500 cm2·V-1·s-1, comparable to highest obtained

from Si field effect transistors (FETs).26 A real practice of top gated transistor made

from MoS2 and HfO2 further confirmed the superior potential of TMDs as transistor,

with mobility higher than 200 cm2·V-1·s-1 and on/off ratio of 108 at room

temperature.27 Overall, the dimension reduction, flexibility, stability, transparency

and scalable production together make 2D TMDs nanostructures desirable for

revolutionary high performance devices.8

Optoelectronics, such as solar cells, photodetectors, light emitting diodes

(LEDs), and laser devices can benefit from the flexibility and transparency of TMD

2D materials.8 The direct bandgap observed in monolayer TMDs leads to the

possibility of effective photon absorption and emission without phonon

involvement.8 Moreover, the bandgap normally increases with thickness reduction,

resulting in significantly higher quantum yield of photoluminescence.8

The direct bandgap falling in visible wavelength range, for instance, in MoS2,

WS2 and SnS, can be adopted in photovoltaic solar cells.28 Favorably, TMDs are
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flexible, transparent, stable, non-toxic, and considered abundant for massive

production as solar panel coatings.8 Besides, the unique layer structures can host

different intercalants, ions and molecules, for tunable bandgaps and photon

absorption of photovoltaic process.8

Phototransistors using exfoliated monolayer MoS2, reported by Z. Yin, et al. in

2012, validated TMDs 2D nanostructures for photodetection application.29

Photocurrent can be stably tuned merely by incident light at a time scale of 50 ms.29

An extraordinary photo responsivity, up to 7.5 mA/W, is detected, much higher than

the 1 mA/W obtained from graphene FET.29

2D TMDs have been proven to be applicable in numerous fields. Light

emission devices, such as laser and LED, benefit from their electro- and photo-

luminescence capability; spintronic and valleytronic devices care for the strong

spin-orbit and spin-valley interactions observed in TMDs; and, molecular sensor and

trace detector take advantages of their ultra large surface area induced high

sensitivity to adsorbates.8 All these applications rely on the distinctive electronic

structure of 2D TMDs, direct, sizable and tunable bandgap, stability, flexibility and

transparency.8 However, industrial implementations are yet to be promoted,

demanding more controlled, uniform and scalable, safe fabrication techniques.8 As a

thrilling research path, 2D TMDs will be continuous drawing attentions from both

academia and industry.
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Chapter 3

Metal Borides and Nitrides

Boron rich ceramics have always been of interest to industrial research, since

the 60s, for their remarkable mechanical performance, possible superconductivity

and antiferromagnetism.30, 31 Commonly appreciated are metal diborides, with

crystal structures of hexagonal B atomic planes intercalated by close packed metal

atom layers.32 Metal atoms donate electrons to B-B covalent bonds.32 Typical

covalent bonds between B atoms observed in metal diborides have the same length

of B-B single bond, varying between 1.7 to 1.8 Å.32 The metal-B bond is

predominantly covalent, as well, confirmed via both theoretical calculation and lab

observation.32 Similar to many metal nitrides and carbides ceramic materials,

borides have durable mechanical performance of high hardness, wear resistance

and melting point, for applications in hard composites like crucibles, armors, and

wear resistant coating.32, 33 Metal diborides also have high electronic conductivity,

thus, considered to be potential diffusion barriers and nanowires in electronics.32
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Based on these advantages of diborides, combining with previous knowledge on

TMDs, I therefore investigate the potentials of transition metal diborides, TiB2, in

nanoscale, as my Master’s project. Following is an introduction of prior research on

bulk titanium borides materials.

3.1. Titanium Diborides

TiB2 has been reported to be an extremely hard ceramic material with room

temperature hardness up to 25~35 GPa Vickers.33 It has hexagonal lattice structure,

belonging to space group P6/mmm as in Figure 3-1. Eye-catching properties of TiB2

include high thermal conductivity, up to 60-120 W/mK, high electrical conductivity,

up to ~105 S/cm, and high melting point of 3225 ± 20 °C, reported by National

Institute of Standards and Technology (NIST).33 Furthermore, TiB2 has high

oxidation and chemical corrosion resistance for protective purposes.33

Figure 3-1 – Lattice structure of TiB2 consists of alternative Ti and B hexagonal

layers. White – B; Black – Ti.
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3.1.1. Synthesis

Current production of TiB2 suffering from difficulties in refinement,

variations between procedures and batches.33 The uncertainty in manufacture,

similar to many other ceramic materials, leads to microstructural dependence of

physical properties, concerning grain size, density and morphology.33 Previous

synthesis of TiB2, focusing on polycrystalline bulk formations, can be categorized

into three ways,

 Sintering of TiB2 micro powders;

Due to the high melting point of TiB2, the sintering process naturally requires

either high temperature, up to 2,000 °C under ambient pressure.33 Sintering aids are

commonly Ni and Fe, for TiB2 is soluble in their liquid form, lowering the sintering

temperature to about 1,500 °C.33

 Physics vapor deposition (PVD), including pulsed laser deposition (PLD) and

magnetron sputtering;

 Chemical vapor deposition (CVD).

For CVD, frequently used reaction is the reduction of TiCl4 and BCl3 in gas

phase (T. M. Besmann, el. Journal of Crystal Growth 31 (60-65), 1975):

TiCl4 + BCl3 + H2 → TiB2 + HCl

For this project, the focus of synthesis is to develop nanoscale titanium

compound structures. Methods adopted are liquid exfoliation and CVD.
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3.1.1.1. Liquid Exfoliation

Liquid exfoliation is considered to be a large quantity friendly production

technique for 2D nanomaterials. Ion intercalation has been practiced as a

controllable way to produce low concentration TMDs monolayers. The intercalation

process often involves flammable intercalants, such as lithium compounds,

increasing production cost on environmental control (e.g., inert gas protection).8

Thus, it is more suitable for device fabrication such as nanoscale electronics and

optoelectronics.8

Solvent ultrasonication has higher yield for applications like nanocomposites

construction and filtration coatings.8 The energy requirement for liquid

ultrasonication can be estimated through the material surface energy: the energy

expenditure to separate monolayer from bulk crystal divided by cross-section’s

surface area.8

3.1.1.2. Chemical Vapor Deposition

CVD of 2D materials has been investigated intensively for its high

productivity and tunable results.5 Common procedures involve vaporization of

metal and chalcogen precursors, reaction in heated zone, and final deposition on

substrates. Another approach is to pre-deposit metal layers onto the substrates and

then reacts with chalcogen vapor. The pre-deposition of metal layer make this

method more controlled in terms of the thickness and morphology of final films.5
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3.1.2. Properties

The properties of polycrystalline TiB2, mentioned previously, highly depend

on the microstructures. The elastic modulus is highly influenced by the density and

composition of samples.33 The higher the mass fraction, the better elasticity TiB2

sample provides, maximizing on 565 GPa at density of 4.5 g/cm3 under room

temperature.33

Similarly, the strength of poly-TiB2 is in strong correlation with grain size

and density.33 Limited information has been published: when grain size is ~ 18 µm,

the compression strength is 1.1 GPa at 3.8 g/cm3, increasing to 1.8 GPa at 4.5

g/cm3.33 With grain size of ~ 10 µm, the strength increases to 5.7 GPa at density of

4.51 g/cm3.33 The significance of grain size on the mechanical properties of TiB2 also

reflect on fracture toughness, which maximizes at ~ 6.2 MPa·m1/2 with grain size

between 5 to 10 µm.33

Another crucial implication of mechanical performance is hardness, however,

with TiB2, reported data seem to be scattering in a wide range, lack of correlation

with grain size or density.33 The wear resistance is a vital merit of TiB2, but difficult

to characterize. The complexity is caused by the variation of system designs and the

interaction between TiB2 and oxygen in air.33 During ring-on-block tests, mass gain

is observed with temperature over 600 °C, due to the oxidation reaction forming

B2O3 on the wear track.33 For high temperature applications, the specific heat of high

quality TiB2 increases with temperature.33
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Overall, the exquisite performance of TiB2 can be summarized as Table 3-1

below, recreated from Munro, R. G. (2000).33

Temperature (°C) 20 500 1000 1200 1500 2000

Single Crystal Density (g/cm3) 4.500 4.449 4.389 4.363 4.322 4.248

Single Crystal Lattice Parameter a (Å) 3.029 3.039 3.052 3.057 3.066 3.082

Single Crystal Lattice Parameter c (Å) 3.229 3.244 3.262 3.269 3.281 3.303

Bulk Modulus (GPa) 240 234 228

Elastic Modulus (GPa) 565 550 534

Compressive Strength (GPa) 1.8

Wear Coefficient (10-3) 1.7

Fracture Toughness (MPa·m1/2) 6.2

Vickers Hardness @ 5N (GPa) 25 11 4.6

Specific Heat (J/(Kg·K)) 617 1073 1182 1228 1291 1396

Thermal Conductivity (W/(m·K)) 96 81 78.1 77.8

Table 3-1 – Crystal, mechanical and thermal features of polycrystalline TiB2

with mass fraction higher than 98%, density of ~ 4.5 g/cm3 and grain size of ~

9 µm, at different temperature (recreated from Table 1, Munro, R. G. 2000). 33

TiB2, for their unique properties and diverse applications, attracts great

interest to the fabrication and characterization. However, there is no current

standard procedure for TiB2 production, leading to severe variation of qualities and

performances of products. Evidences presented above have confirmed the strong

dependence of properties on microstructure. The motivation of my Master’s project,

therefore, is to characterize the advantages of TiB2, investigating the development

and synthesis in nanoscale for industrial applications.
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Chapter 4

Experimental Setup

For my Master’s project, I have been focusing on the design, synthesis and

characterization of transition metal compound nanostructures, consisting of

titanium borides, nitrides, sulfides. Synthesis methods are mainly liquid exfoliation

and CVD. Additional fabrication technique includes e-beam evaporation.

Definitive procedures have been developed for TiB2 and TiS2 liquid

exfoliation respectively, to achieve optimal results. E-beam evaporation is employed

as a substrate preparation method. I have designed and constructed a tube furnace

as the primary apparatus for the CVD of titanium compound nanostructures. A

series of substrates, precursors and deposition parameters are utilized for various

deposition products.

Detailed description of experimental setup and procedures are presented in

this Chapter.
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4.1. Liquid Exfoliation of TiB2 and TiS2

Two types of solvents are used for the liquid exfoliation of TiB2 and TiS2:

strong acid and organic solvent. The exfoliation of TiB2 is challenging due to the

strong network formed by covalent bonds between B atoms. Though it has

hexagonal lattice as most 2D TMDs, the interaction between layers is strong. Lattice

parameter is ~ 3 Å for a, b and c, which indicates the tight bonding between atoms.

No previous report is found on the exfoliation of TiB2, and it is confirmed that TiB2 is

stable in hydrofluoric acid (HF). One possible approach to destruct the strong

covalent bonds is ultrasonication with strong corrosive acid. Another strategy is to

use organic solvent with matching surface tension.

4.1.1. Acid Exfoliation of TiB2

Methanesulfonic acid (MsOH or MSA) is a clear strong acid with the chemical

composition of CH3SO3H. It has PH < 1, yet relatively safe to operate, for its non-

volatile and stability at room temperature. It has been previously utilized to

exfoliate hBN in large scale.34 As the first step, I disperse TiB2 micro-particles in MSA

at the concentration of 1 mg/ml. The mixture depicts to be stable and have a good

dispersion. The TiB2 particles merged in the MSA overnight confirmed the stability

of the mixture.

TiB2 particles with the average size of tens of microns are ultrasonicated in

MSA for 8 hours at the concentration of 2 mg/ml. The mixture is then centrifuged
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and filtered to harvest the exfoliated particles. Exfoliated TiB2 stays suspended in

MSA after ultrasonication for one week, causing a light brown color remaining in the

liquid. After centrifuge at 3,000 rpm for 30 min and filtration with 200 nm

membrane, the MSA liquid becomes clear. Majority of the MSA is removed after

centrifuge and initial filtration. Gathered TiB2 nanoparticles are filter washed with

ethanol.

4.1.2. Organic Solvent Exfoliation of TiB2 and TiS2

Formulations of organic exfoliation solvents are carefully chosen based on

the surface tension calculations. Instead of simply matching the total surface

tension, formulations used here take the surface tension components in to

consideration, achieving higher efficiency. Agreeing to the lattice structures and

physical properties, the calculation conducted by Dr. Jianfeng Shen’s group indicates

that TiB2 behaves similar to hBN, while TiS2 resembles MoS2 in terms of liquid

exfoliation. With more accurate matching, the surface tension components approach

offers superior liquid exfoliation procedures and results. Commonly used organic

exfoliation solvents, such as n-methyl-2-pyrrolidone (C5H9NO or NMP) and

dimethylformamide ((CH3)2NC(O)H or DMF), have high toxicity and vapor points.

Instead, adjusting the ratio between water and solvents, like isopropyl alcohol

((CH3)2CHOH or IPA), tetrahydrofuran ((CH2)4O or THF) and acetonitrile (CH3CN or

ACN), with lower vapor points achieves proper surface tension at higher efficiency

and safer operation. Under the guide of surface tension components calculation,



38

several solvent formulations are examined. The best ratios are confirmed to be, 19

to 1 vol. acetonitrile to IPA for TiS2; and, 2 to 8 vol. IPA to water for TiB2. Well

formulated solvents reduce the ultrasonication duration to 3-4 hours which is

followed by centrifuge at 3,000 rpm for 30-40 min.

4.2. Chemical Vapor Deposition of MoS2 and Titanium

Compound Nanostructures

CVD approach for 2D nanomaterial fabrications has been extensively

investigated from graphene to TMDs, such as (Mo/W)(S/Se)2, together with their

heterostructures. This project takes advantage of this versatile chemical synthesis

method, and further extends its capability to develop more complicated

nanocomposites and 3D nanostructures. The achieved titanium compound

nanostructures demonstrate the diversity and flexibility of CVD, in creating novel

nanomaterials, not limited to single matter but with complex chemical

compositions.

4.2.1. Chemical Vapor Deposition of MoS2

As a starting point of my Master’s project, CVD of monolayer MoS2, the most

popular 2D TMDs, is explored. Monolayer MoS2 has electronic properties

comparable to Si, especially in bandgap structure. Its application potentials in
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nanoscale electronics, optics and semiconductor industry have fascinated

researchers over decades. My knowledge base of 2D CVD fabrication has been

developed based on many prior successes reported for CVD produced large area

single crystal monolayer MoS2.

4.2.1.1. Precursors and Chemical Vapor Deposition for Monolayer MoS2

Different precursors and reactions have been adopted for CVD of MoS2, such

as Mo + S and MoO3 + S. In this project, I choose MoO3 and S, suggested by Qing Hua

Wang et al., in Nature Nanotechnology 7, 699–712 (2012).8 Furnace setup

illustrated in Figure 4-1, the precursors are heated to certain temperature,

activating the chemical reaction: MoO3 + S -> MoS2 + SO2. Specifically, MoO3 powders

placed in ceramic boat is sulfurized by sulfur vapor under high temperature. As a

result, thin layers (one to two layers) of single crystal MoS2 are deposited onto silica

wafer substrate placed on top of ceramic boat.

Figure 4-1 –A scheme illustrates CVD of monolayer MoS2. High temperature

activated MoO3 is sulfurized by sulfur vapor, supplied with protective carrier

gas, Ar. MoS2 is deposited onto SiO2/Si wafer placed in heating zone.8
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4.2.1.2. Deposition Procedure and Parameters for Monolayer MoS2

CVD synthesis of 2D nanostructures provides high quality, large area and

uniform layers. However, the actual deposition process is a challenge to predict and

control. Case by case optimization for different furnace setup is thus required for

CVD fabrications.

In this project, I use deposition temperature of 750 ℃, heating curve as

demonstrated in Figure 4-2. The reaction zone is heated up to 750 ℃ over 15 min

and kept at 750 ℃ for 15 min for the MoS2 growth. System is cooled down slowly

after deposition.

Figure 4-2 – Heating curve used for CVD of MoS2. Fast heating of reaction zone

from room temperature to 750℃ is completed in 15 min. Another 15 min of

high temperature for deposition is desgnated for optimal monolayer single

crystal MoS2 growth.
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The procedure and parameters here are optimized only to specific furnace

system, for the high complexity and sensitivity of growth to environment and

deposition conditions. Variation and uncertainty still exist from batch to batch. The

optimization, via controlled adjustments over different factors, however, is critical

for CVD of nanomaterials.

4.2.2. Chemical Vapor Deposition of Titanium Compound Nanostructures

Previous reports on titanium diboride synthesis, including TiB2 micro-

powder sintering, PVD and CVD, have only achieved bulk production. In order to

develop thin, nanoscale structures of titanium diboride and nitride compositions,

CVD of titanium compounds is investigated, in this project.

Different substrates and precursors are explored to understand the

mechanism of CVD Ti compounds. Consequently, resulted nanostructures display

diverse morphologies and physical properties. This section, I report detailed CVD

procedures, catering to different substrates and reactions.

4.2.2.1. Titanium Foil Substrate

CVD producing titanium compound nanostructures, proper chemical reaction

is critical. Possibilities of different reactions include the hydrogen reduction of TiCl4

together with BCl3 in gas phase; the replacement of oxygen with boron in TiO2; and,
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the boride of Ti metal directly under high temperature. Considering the accessibility

and reactivity, I start with the strategy of boride Ti metal or TiO2 using high

temperature CVD. The Ti metal, for this approach, is in the form of thin foil, acting as

both metal source and substrate. Boron atoms are provided by ammonia borane, a

common boron precursor, for its low boiling point. Ti foils are prepared by thorough

cleaning clean with acetone ultrasonication prior to use.

With the expectation of boride Ti foil under high temperature, other

byproducts are also possible, as the ammonia borane precursor containing both B

and N atoms. Due to the presence of nitrogen, titanium nitride is highly possible to

form on Ti foil as well. Besides, different ratios of borides are expected, not only TiB2

but also TiB, Ti2B and TixBy with different degrees of defects. Moreover, owing to the

tight bonding of B network and the metal electron donation, the film growth

dynamics of titanium borides is naturally different from that of layered TMDs. For

titanium compound CVD growth, 3D constructions are more realistic instead of

layer formation. Therefore, the focus of Ti compound CVD is to develop novel

nanoscale 3D configurations.

4.2.2.2. SiO2/Si Wafer Substrate

Silica wafers as substrates for Ti compound CVD function in two ways:

 Pristine wafer provides deposition surface;
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 Wafer surface e-beam evaporated with Ti nanoscale layer, involves in boride

and nitride reactions, as well as, acts as substrate.

Wafers are sectioned into centimeter square before use. 10-15 nm Ti layers

are e-beam evaporated onto wafer surface prior to deposition. Due to the easy

oxidation of Ti, the final film surface is mostly TiO2.

4.3. Apparatus Design and Setup for Titanium Compound

Nanostructure Chemical Vapor Deposition

A CVD tube furnace has been set up for titanium compound nanostructure

growth. The furnace design is illustrated in Figure 4-3. Components include furnace

oven, temperature control unit, quartz tube, mounting racks, gas line tubing and

coupling, mass flow meters, and oxygen filter. Gas supply consists of argon and

hydrogen for oxygen reduction, protection and precursor carrier.

The requirements for the boride and nitride of Ti metal include high enough

temperature, proper carrier gas, and certain degree of vacuum. The high

temperature is to vaporize ammonia borane, activate chemical reactions and assist

the crystallization of titanium compounds. Protective gas also functions as carrier of

vaporized precursor, ammonia borane, preventing oxidation. The vacuum is applied

to remove oxygen from CVD system prior to deposition, as well as promote the

reaction and crystallization of titanium compounds.
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Based on the above mentioned requirements, high temperature tube furnace

with Ar/H2 gas supply and attachable vacuum pump is designed for titanium

compound nanostructure synthesis. Quartz tube is connected with Ar gas input and

vacuum pump at either side. A pressure meter can be applied to the pump end to

measure system pressure and gas flow. The temperature curves are programed and

monitored by control unit.

Figure 4-3 – CVD system design for Ti compound nanostructure synthesis

This system is designated to synthesize compound materials with solid

precursors, commonly TMDs or borides (e.g., BN, transition metal/metal borides).

Growth of carbon nanostructures, such as CNTs, graphene, normally requires

additional carbon source supply. With this system design, a new furnace is built for

the project to fabrication titanium compound nanostructures. Growth procedures

are also specifically developed for this CVD system.
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4.4. Growth Procedure for Titanium Compound Nanostructures

Ammonia borane, simplest molecular boron-nitrogen-hybrid compound, is

commonly used to produce hBN monolayer, under CVD conditions.35,36 Owing to its

easy vaporization and decomposition, ammonia borane can also work for the

synthesis of titanium borides and nitrides complex nanostructures.

During titanium compound growth, ammonia borane is vaporized close to

the edge of heating zone. The decomposition temperature of ammonia borane is

about 110 °C.36 Carrier gas Ar/H2 brings ammonia borane vapor into heating zone

for the reaction and deposition. To remove air and oxygen in CVD chamber, Ar/H2

mixture is passed through quartz tube for 30 min before deposition. The commonly

used temperature for hBN deposition is 1000 °C. The reaction occurred with

titanium is expected to be the substitution of O with B or N.

Figure 4-4 – Scheme of Ti compounds CVD procedure

Referring to previous established CVD process for BN growth, 1000 °C is

chosen to be the reaction temperature. The vacuum is kept at 9×10-2 torr to remove
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contamination from air. Ar/H2 is used as protective gas. Deposition runs for 20 min

for complete reaction.

Resulted structures vary with deposition conditions and parameters. 3D

nanostructures with complex chemical profiles include oxides, nitrides and borides

are achieved using this procedure.

Different CVD procedures are conducted with different substrates and

parameters. To achieve deposition on silica wafer for convenient detection and

characterization, I examined the possibility to sublime Ti powder and deposit onto

wafer surface together with boron atoms from gas source. The temperature used is

1000 °C. Boron supply is carried with Ar/H2 protective gas, and the reaction is kept

for 40 min to compensate the limited Ti and B input.

Varying the pressure and precursor gas concentration can produce different

film compositions and surface morphologies. Another approach reduces chamber

pressure to 10-1 torr to compare with previous results from 9×10-1 torr and 9×10-2

torr. Practically, higher chamber pressure implies larger carrier gas flow. The

deposition is conducted on both Ti foil and SiO2 wafer under 1000 °C for 20 min.

Several CVD trails are conducted on Ti foil substrates and Ti powder covered

SiO2 wafers. The growth on Ti foils results in column-like nanostructure. However,

due to the high melting point of Ti metal, it is problematic to vaporize and deposit Ti

atoms directly. Therefore, I deposit 10-15 nm Ti layer on SiO2 wafer surface prior to

deposition, via e-beam evaporation, to realize Ti compound growth on wafer

surface.
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Certain Ti compound CVD trials suffer from the lack of crystallization. For

this reason, I heat the Ti foil substrates at 1000 °C for 30 min before CVD growth.

Meanwhile, I increase the deposition time to 30 min for extended boride reaction.

Two different substrates are utilized, Ti foil and 10 nm Ti e-beam evaporated wafer.

Results demonstrate higher boron deposition and Ti substrates are well crystallized.

The chemical states of deposited boron are confirmed with further characterization.

As comparison, Ti coated wafers are utilized with the same procedure.

Similarly, the substrate was pre-heated at 1000 °C for 30 min. However, there's

neither crystallization nor significant deposition observed on the wafers. This result

attributes to the weak signal of 10 nm of Ti for energy dispersive X-ray spectroscopy

(EDS) detection.

In addition to EDS, several physical characterizations are conducted on CVD

titanium compound nanostructures. The XRD spectroscopy of various samples

determines the crystal structures of deposited films. To further understand the

chemical compositions, depth profile XPS is performed on both Ti foil and Ti@SiO2

substrates; revealing the compositional change layer by layer. More analysis

techniques include TEM, SEM, Raman spectroscopy and optical microscopy,

commonly applied to nanostructure characterizations.

During the development and optimization of CVD procedures for titanium

compound nanostructures, the final products’ sensitivity and dependence to

deposition conditions and parameters draw my attention. Slight alternation in gas

flow rate, deposition duration, pressure fluctuation and temperature profile leads to
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drastic variation in deposited nanostructures. Constant updating and improving the

apparatus setup, I have been able to advance the CVD results, reducing oxygen

contamination. Optimized CVD procedure using updated furnace produces majorly

TiN. Other complex compounds contain oxygen, boron and carbon. The primary

adjustments on current furnace system are increased chamber pressure from

previous 1 torr to ambient pressure, and added oxygen filter along with flow rate

controllers. In conclusion, the CVD procedure of titanium compound

nanostructures:

 Substrates: Ti foil; Ti e-beamed SiO2/Si wafer (Ti@SiO2); pristine wafer

 Precursor: vaporized ammonia borane

 Temperature: 1000 °C

 Pressure: ambient pressure

 Protective gas: Ar/H2 mixture

 Deposition time: 30 min

4.5. Nano-Indentation Tests

Series of nano-indentation tests are performed on pristine TiB2 and TiN

microsize powder samples. Hardness and modulus results are lower than literature

suggested. Reason is the sample mounting method causes powder displacements
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during pressure loading. In several initial tests, the powders are loosely pressed

onto the mounting surface. The space between powder particles leads to fluctuated

results. Two types of load functions are practiced, as demonstrated in Figure 4-5: A)

represents a constant pressure loading of 500 µN over 2 s; B) describes a partial

unload test mode with maximum normal force of 10,000 µN, where 20 different

loads are generated with 2.5% increment.

Figure 4-5 – Two types of load functions are applied to pristine TiB2 and TiN

powder samples. A) constant loading of 500 µN; B) partial unload test mode

with maximum normal force of 10,000 µN and 2.5% increment.
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Chapter 5

Results

5.1. Liquid Exfoliation of TiS2 and TiB2

Ultrasonication assisted liquid exfoliation produces nanoscale particles of

TiB2 and few-layer nanosheets of TiS2. Liquid exfoliation of layered materials has

been heavily investigated for its high productivity and cost efficiency. To produce

TiB2 nanostructures, different exfoliation methods, including strong acid exfoliation

with MSA and organic solvent exfoliation with surface tension calculation, are

performed. Both approaches result in reduced particle size. Organic solvent method

uses a mixture of only water and IPA, significantly reducing the operational hazards,

compared to using strong acids. More importantly, it offers better exfoliation

efficiency, by matching the surface tension of solution and material. Assisted by

ultrasonication, a proper solution with compatible surface tension can break the

interlayer bonding more effectively. Moreover, eliminating the difference in surface
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energy level between solution and material enhances the dispersion after

exfoliation. Comparing to organic solvents used in traditional exfoliation, for

instance NMP and DMF, IPA is considered nontoxic and easier to evaporate after

exfoliation. Constant exfoliation results with uniform nanostructures are achieved

on both materials. Detailed characterizations on exfoliated particles are reported in

following sections.

5.1.1. Liquid Exfoliation of TiB2

For comparison, pristine TiB2 particles are displayed in Figure 5-1. The

particles have size distributed in the range of tens of microns. Figure 5-2 presents

the SEM of particles after 8 hours ultrasonication in MSA. Some layer/step

configurations are observed, but most particles preserve their 3D structure. The

particles are generally smaller after MSA sonication.
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Figure 5-1 – SEM of pristine TiB2 powders demonstrates micron size

distribution.

Figure 5-2 – After ultrasonication for 8 hours in MSA, TiB2 powders turn into

smaller particles. No siginificant 2D exfoliation occurs, but steps and layers

can be observed with SEM.

With organic solvent exfoliation, results on TiB2 are improved, compared to

acid exfoliation. The strong atomic force still dominates the exfoliation performance,

leading to nanoscale 3D particles, instead of layered separation. High carbon
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concentration is detected using EDS, while boron is at 0 at. %. Carbon signal is

commonly observed in liquid exfoliation, as organic molecules adsorbed onto the

particle surface. And, the similar atomic number and signal overlay of boron and

carbon in EDS leads to trace boron detection. The particles remained after

exfoliation and centrifugal have the size of less than 1 µm, as in Figure 5-3, which

indicates this IPA/water solution effectively decreases the TiB2 particle size into

nanometer scale. The high efficiency of IPA/water exfoliation, compared to the acid

exfoliation, is confirmed by reduced energy requirement: only 4 hours of

ultrasonication is applied, whereas, 8 hours of acid exfoliation provides less

effective particle size break down.
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Figure 5-3 – SEM of IPA/water exfoliated TiB2 particles demonstrates effective

size reduction; The TiB2 nanoparticles display good uniformity.

Since TiB2 has strong interlayer binding force, thus, high surface tension,

water/IPA mixture is proven to be more effective for exfoliation. With water/IPA

mixture solution, 4 hours ultrasonication results in sub-micron size particles, and

the suspension extracted after centrifuge is more stable over time with less

sediment.
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Figure 5-4 – EDS of MSA exfoliated TiB2 particles. Two weight ratios are observed

between Ti and B: Ti:B wt. % ~ 1:1 (upper) and 1:2 (lower)

The exfoliated TiB2 nanoparticles are relatively uniform in size and shape.

Considering the high hardness and chemical stability, TiB2 nanoparticles have great

potential as composite fillers for various purposes, including lubrication and

hardness enhancement.

As particle size reduced, thin areas can be detected under TEM. The atomic

images confirm the hexagonal lattice structure of TiB2, which is also agreed by the

fast Fourier transform (FFT) pattern in Figure 5-5.
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Figure 5-5 – TEM and FFT pattern on exfoliated TiB2 nanoparticles. The red

hexagonal cell sketches the basic lattice unit of TiB2. The inserted FFT pattern

demonstrates hexagonal crystal structure.

The lattice parameters of TiB2 are measured with line profiles in Figure 5-6.

The distance between atoms is averaged around 3 Å, which agrees with literature

data ranging from 3.02 Å to 3.25 Å.
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Figure 5-6 – Atomic images of TiB2 detected with TEM. The line profiles

performed on each graph measure the TiB2 lattice parameter to be ~ 3 Å.

5.1.2. Liquid Exfoliation of TiS2

Comparing with TiB2, liquid exfoliation of TiS2 yields better results for its

weak vdW interlayer force. The size of exfoliated nanosheets ranges from several

nanometers to microns. Unlike TiB2, the exfoliation of TiS2 reveals noticeable

layered structures, as in Figure 5-7. For the weaker interlayer interaction, lower

surface tension solution is selected. ACN/IPA mixture provides the optimal

exfoliation efficiency. Few-layer TiS2 nanosheets with relatively large area are

achieved with organic solvent exfoliation.
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Figure 5-7 – SEM of exfoliated TiS2 nanosheets. Few-layer structure is

observed after exfoliation.

Two different composition ratios are detected via EDS. Similar as in TiB2, one

area has the Ti:S atomic ratio of 1:1; while, the other area of 1:2. This difference

proves both TiS and TiS2 nanosheets are created after exfoliation. Same as with TiB2

exfoliation results, the EDS detects high carbon concentration up to 80% as well in

exfoliated TiS2, due to the adsorption of solvent molecules on sample surface.
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Figure 5-8 – EDS confirms the existence of two different compositions, TiS and

TiS2; high carbon concentration detected by EDS is a common result of solvent

molecule adsorption on sample surface.

With improved exfoliation, TEM displays enhanced FFT pattern and lattice

structure. Figure 5-9 is the TEM of exfoliated TiS2 with high resolution. Left images

illustrate the surface atomic structure and steps between different layers. Inserted

is a FFT pattern, confirming the hexagonal lattice.
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Figure 5-9 – TEM of exfoliated TiS2 nanosheets, together with the FFT pattern

(inserted), confirms the hexagnol lattice structure. Layers and steps are

detected. Line profile measurements are also performed on TiS2 nanosheets.

5.2. Chemical Vapor Deposition Synthesis

CVD is a versatile and extensively applied synthesis method for compound

nanostructures, with one of most significant success in 2D TMDs. In this project,

uniquely designed CVD apparatus and optimized growth procedures work together

to achieve depositions of various titanium compound nanostructures. In this

section, CVD results are presented with characterizations revealing the complex

chemical composition and intriguing 3D nanostructures.

5.2.1. Chemical Vapor Deposition of MoS2

The high quality of CVD MoS2 is confirmed with both optical microscopy and

Raman spectroscopy. Monolayer deposition of MoS2 is achieved.
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5.2.1.1. Optical Microscopy

Optical microscopy displays the MoS2 monolayers on silica wafer with

triangular structure, as in Figure 5-10. MoS2 islands seed preferably on impurities

and wafer edges. The surface area of MoS2 layers is up to tens of the microns.

Figure 5-10 – Optical microscopy of CVD grown monolayer MoS2. Triangular

island structure is observed.
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5.2.1.2. Raman Spectroscopy

Comparing the Raman spectroscopy of the deposited MoS2 nanosheets to

previous literature, the monolayer quality of CVD MoS2 is confirmed. Raman

scattering spectrum with 514 nm laser excitation is plotted in Figure 5-11. Two

scattering peaks are at 383.46 cm-1 and 407.44 cm-1, corresponding to the E12g and

A1g peak frequency.

Figure 5-11 – Raman spectroscopy of CVD grown monolayer MoS2 under 514

nm laser excitation. Two peaks occur at 383.46 and 407.439 cm-1, reflecting

the E12g and A1g mode frequency.

CVD MoS2 monolayer produces intensive Raman scattering signal, which

confirms the uniformity and high quality of the film.
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5.2.2. Chemical Vapor Deposition of Titanium Compound Nanostructures

As the primary mission of this project, different substrates are used for CVD

of Ti compound nanostructures, including Ti foil, Ti@SiO2 and pristine wafer (as

described in ‘Experimental Setup’). Different titanium compound nanostructures are

developed, mostly with complex compositions and unique crystallization

morphologies. The deposited nanostructures and their characterizations are

organized by different substrates used and reported in following discussion.

5.2.2.1. Titanium Foil Substrate

Thin coatings with various appearances and nanostructures are created on Ti

foils. The coated films are well attached and uniform in both thickness and

morphology. Chemical analysis discloses their complex chemical compositions

consisting of borides, oxides and nitrides. The deposition is characterized via optical

microscopy, SEM, EDS, Raman, and XPS.

Characterization results reported below reveal the complications of the

coating compositions. Possible components include TiO2, TiN, TiB2, BN and B2O3.

The high oxygen content detected calls for oxygen filtration as future improvements.

 Morphology



64

The optical microscopy images, in Figure 5-12, demonstrate a significant

surface change before and after CVD. Pristine Ti foil is bright silver color with

polishing lines on surface. The coating is in dark grey or brown with white particles

on top. The deposition appears to be uniform in quality and majorly composed with

TiN and TiB2, which will be discussed in following sections.

Figure 5-12 – Optical microscopy of Ti foil substrate CVD coatings. Two

different areas are observed with dark grey (left) and brown (right) color. The

deposition is uniform and well attached to Ti foil surface.

The nanostructure is revealed with SEM in Figure 5-13. Sample surface

consists of columnar structures and particles. The columnar nanostructures have

the diameter of ~ 150 nm, and confirm the crystallization of the deposition.
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Figure 5-13 – SEM images illustrate the nanostructure of coating surface. The

columnar crystalline is about 150 nm in diameter.

Different synthesis results are achieved on Ti foils, another growth

mechanism occurs with limited ammonia borane supply. The optical image shows a

slight alternation on foil surface with dark grey color. The back side, which had less

ammonia borane exposure, of the film displays a crystalline structure. The

smoothness of the coating depends on the surface structure of Ti foil.
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Figure 5-14 – Optical images of film coated on Ti foil under limited ammonia

borane supply. This deposition contains mostly titanium oxides and BxCyNz.

Nanoscale surface morphology is verified with SEM images in Figure 5-15.

The column-like nanostructures assembles the deposition with excessive ammonia

borane supply. However, the crystallization is not as comprehensive. According to

the EDX spectrum, the elements contained in the film are mostly Ti, N and B, with an

atomic concentration of 33.92 %, 17.38 % and 48.70 %.

Figure 5-15 – SEM of coating on Ti film with limited ammonia borane supply.

Early stage columnar crystallines are observed, assembling previous results

with exccessive ammonia borane depositon.
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An amorphous deposition results in yellowish brown color coating, dislike

previous crystalized growth. The coating is with clear grain boundary, which

contains majorly TiN and BN as the amorphous cluster structures.

Figure 5-16 – Optical images of Ti foil processed with controlled ammonia

borane supply. The 500x (left) and 1000x (right) images illustrates an even

coating with grains of yellowish brown color.

Unlike the previous coatings with columnar nanostructures, this film has

cauliflower shape clusters, indicating amorphous growth as in Figure 5-17.
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Figure 5-17 – SEM images of sample with less carrier gas supply. The surface

structure is mostly amorphous with cauliflower like nanostructure.

SEM images in Figure 5-18 exhibit different surface morphology, compared

to fabrications under low pressure. With ambient pressure system, the coating

consists of polyhedron grains, instead of columnar or amorphous nanostructure

presented above.
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Figure 5-18 – SEM of coatings, 20 min at 1,000 °C, under ammonia borane, and

Ar/H2 as protective gas, containing mostly oxides and BN.

Another batch of deposition with similar conditions, as a contrast, has the

result quite different. This film contains more oxygen, displaying a dark grey color.

The grain morphology is also different. The atomic concentrations are listed:

B: 25%; N: 0%; O: 41%; and, Ti: 34%.

A thin film of titanium nitride can appear to be purple with limited mixture of

oxygen and other elements. The color may vary from dark grey, gold to bright

purple, depending on the actual composition of TiNx. Figure 5-19 is a deposition
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featuring low oxides and high nitrides compositions, displaying bright purple color

known as the typical appearance of TiN coatings.

Figure 5-19 – SEM of coatings under 1000 °C CVD procedure. Oxygen atomic

percentage is reduced to 9 %, much lower than previously reported samples.
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The film appears to be bright purple in color indicating a high titanium nitride

concerntration.

Under the similar conditions, different deposition can occur on Ti foils, as in

Figure 5-20. An even coating is achieved with ammonia borane precursor, ambient

pressure and 1,000 °C deposition temperature. The EDS results are listed:

13 at.% boron, 15 at.% carbon, 14 at.% nitrogen and 27 at.% oxygen with 32

at.% titanium, demonstrating a complex titanium compound nanostructure.

Figure 5-20 – SEM of coating deposited on Ti foil with similar CVD parameters

to previous samples yet different resulted nanostructures. Complex

composition is indicated by EDS results.
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On Ti foil substrate, crystallization is verified in Figure 5-21. At 1,000 °C, with

ammonia borane vapor, nanoclusters seed and grow on the boundary lines of

substrate grains.
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Figure 5-21 – CVD on pre-heated Ti foil substrate with ammonia borane

precursor. The SEM images at different magnifications demonstrate

crystallization of Ti foil substrate and nanoclusters grown on the substrate

grain boundaries.

 Crystallization – XRD

With abundant ammonia borane precursor and low chamber pressure, the

deposited coating contains 17% TiN, 20% BN, 31% TiB and 32% TiO0.48. Residual

oxygen in furnace tube after vacuum results in some uncompleted oxidation of

titanium.

Figure 5-22 – XRD spectrum and weight percentage of each component

(inserted) on the coating deposited with abundant ammonia borane and

vacuumed chamber.
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Structural analysis with XRD reveals the group space of fm3m, for both TiN

and TiB, a cubic lattice structure. The lattice parameters are 4.27 Å and 4.26 Å

respectively.

To further understand the deposition with different conditions, a better

controlled ammonia borane source is provided in this sample. The XRD analysis

proves that oxides are still the main component, but more TiN is detected at 11.6 %.

Increase in TiN is also observed with XPS spectrum.

Figure 5-23 – XRD spectrum of deposited coating on Ti foil substrate with

controlled ammonia borane gas demonstrates a mixture of titanium oxide and

nitride.



75

Due to the easy oxidation nature of Ti, Ti foil substrate is covered with

titanium oxide layer prior to deposition. During CVD process, nitrogen atoms

substitute oxygen atoms on the substrate surface indicating nitride reaction

requires lower chemical energy than boride reaction.

With a restricted precursor gas supply, Ti foil substrates, at 1,000 °C CVD

experience a complicated reaction process, resulting in more complex chemical

formation after deposition. The XRD spectrum, in Figure 5-24, exhibits a significant

broadening, meaning the deposition contains a large amount of small grains. With

restricted ammonia borane vapor, oxygen concentration is increased, which is

expected and also agreed by XPS results.
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Figure 5-24 – XRD of CVD coating on Ti foil with restricted ammonia borane

supply. Higher concentraion of oxides is observed as expected and a

broadened spectrum indicates smaller grains overall.

The higher percentage of oxides in this deposition with limited ammonia

borane precursor further proves that the nitride and boride growth is the reaction

of replacing oxygen with nitrogen and boron on Ti foil surface. When the boron and

nitrogen supply is reduced, the Ti foil substrate contains mostly oxides.

5.2.2.2. Ti@SiO2, E-beam Evaporation Coated Wafer Substrate

10-15 nm Ti layer is e-beam evaporated onto SiO2/Si wafer for this set of

deposition. CVD procedure used is the same as described in “Experimental Setup”.

Same as with Ti foil substrate, various depositions are achieved with slightly altered

parameters and uncertainty of CVD process. Unique nanoscale crystalline is

developed for in depth characterization. The compositions are, similarly, with

multiple constituents of oxides, nitrides to borides. 3D nanostructures are as well

the primary deposition results obtained on Ti@SiO2 substrates.

 Nano-rods and particles

With Ti@SiO2 substrate, one synthesis result is in forms of nanoparticles and

nano-rods surrounding defects on the substrate, shown in Figure 5-25. The

deposition is uniform and evenly distributed with nanoscale size.
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Figure 5-25 – Nanorods and nanoparticles deposited on Ti@SiO2 surface. The

deposited nanostructures are uniform and evenly distributed on the substrate

aurroudning defect spots.
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The chemical composition of deposited nanostructures is revealed by EDS.

According to the atomic percentage tables listed in Figure 5-26, relatively high

concentration of boron is detected. Nitrogen signal is not significant and about 12-

15 at. % carbon is detected.

Figure 5-26 – EDS spectrum of deposited nanorods and nanoparticles on

Ti@SiO2. Relatively high boron concentration is observed.
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 Nano-Stars

Figure 5-27 is the SEM of another fascinating deposition result on Ti@SiO2

wafer substrate. Star-shape nanoparticles with spike structures are observed. The

star flakes are with size of hundreds nanometers, and the spikes are about 100 nm

in length. The star nanoparticles are evenly distributed over the wafer surface, and

the structure pattern indicates distinct crystallization. Previous experience implies

that this kind of star nanostructures can be a result of crystallization defects during

growth.
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Figure 5-27 – SEM of star-shape nanoparticles grown on Ti@SiO2 wafer

substrate with ammonia borane precursor. Star-like nanoparticles are

decorated with columnar spikes, distributed evenly over the wafer surface.

The majority EDS signal is picked up from the SiO2 wafer as illustrated in

Figure 5-28. Before CVD, the Ti@SiO2 substrate exhibits:

73.5 at.% Si, 25.5 at.% O, and only 1 at.% Ti,

due to the limited thickness of Ti coating (10-15 nm).

After CVD growth, the EDS on the star flakes have an increased Ti signal of

4.5 at. %. The oxygen increases to 28.77 at. % and Si decreases to 66.77 at. %. The

intensification of both Ti and O signals implies that the nano-star structures are

probably titanium oxides. The oxidation surface layer of the wafer potentially

releases oxygen atoms reacting with the coated Ti layer.

Figure 5-28 – EDS on Ti@SiO2 after CVD growth with ammonia borane. On the

star flakes, the concentration of titanium is increased from 1.0 at.% to 4.5

at.%; and, the concentration of oxygen is also slightly increased from 25.5

at.% to 28.8 at.%.
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5.2.2.3. Pristine Wafer Substrate

On clean wafer substrate, pristine SiO2/Si wafer with oxidization layer of 285

nm, deposition results in amorphous clusters of BN composition. Different CVD

processes are explored, to obtain deposition on silica wafer for easier detection and

characterization. As mentioned in “Experimental Setup”, the temperature used is

1000 °C. Differently, low level boron supply is carried with Ar/H2 protective gas, and

the reaction is running for 40 min to compensate the low Ti and B input.

 Morphology

The optical images express little deposition on the wafer surface. Ti powder

is not proved to be sublimed at 1000 °C.

Figure 5-29 – Optical images of silica wafer after CVD with ammonia borane.

Diminutive change is observed.
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Under the e-beam of SEM, the sample exhibits poor conductivity. A thin,

homogeneous film is detected, in Figure 5-30, with amorphous configuration.

Figure 5-30 – SEM images of film deposited on silica wafer. The amorphous

growth occurs on both the wafer surface and the Ti particles distributed onto

the wafer surface.

To understand the chemical composition of this amorphous deposition, XPS

is conducted. The film consists of mostly BN. No trace of Ti is detected, indicating

that the sublimation of Ti requires higher energy. The N1s binding energy is 398.5

eV, and B1s is 191 eV which agrees with the chemical binding observed in BN. The

carbon component has a peak at 285 eV, corresponding to adventitious carbon.

As additional evidence of BN, the atomic concentration table demonstrates a

1:1 atomic ratio of B and N. C and O concentration is relatively low. As a conclusion,

the rather limited deposition on pristine wafer surface is basically amorphous BN.
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Figure 5-31 – XPS analysis of the deposition on pristine wafer surface consists

of binding energy peaks and atomic concentrations (inserted). The film is

confirmed to be amorphous BN with no Ti signal.

 Discussion

The XPS conducted on the film surface displays complex spectrum with

difficulties in confirming the accurate compositions for the overlap range of binding

energy of different compounds. Besides, there’s no established XPS data on the main

peak of Ti 2p1/2 in TiB2.

The films are also observed to experience oxidation once exiting the furnace

chamber, leaving Ar/H2 gas protection. Visually, the film surface turns grey from

black in a few hours after the synthesis. Comparison between EDS and XPS confirms

the presence of oxygen at the very surface due to this post-deposition oxidation.
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To further confirm whether the oxidation occurs during or after synthesis,

XPS with surface etching is utilized to reveal the components beneath the top layer

of the deposited coatings. Complete information is presented in following Chapter of

“Discussion”.

5.2.3. Chemical Vapor Deposition Fabricated TiN Nanostructures

After optimizing the CVD furnace settings, mentioned in “Experimental

Setup”, most depositions result in TiN containing nanostructures. The depositions

retain the diversity in morphology and compositions. Following discussed

characterizations and analysis reveals interesting physics of the formation of TiN

nanostructures.

 Morphology

SEM images of synthesized 3D nanostructures on different substrates exhibit

very different morphologies, as in Figure 5-32 and Figure 5-33. Figure 5-32 presents

two different morphologies acquired from titanium foil substrates. Figure 5-33 is

the deposition occurred on Ti@SiO2 wafers.
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Figure 5-32 – SEM images of deposited morphologies on Ti foils. Two different

nanostructures are observed. Upper images are polyhedron grain structures;

lower images are nano-dots.
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Figure 5-33 – SEM images of deposition on e-beamed Ti@SiO2 substrates.
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 EDS

Figure 5-34 – EDS of deposition reveals TiN composition.

 XPS

Both substrates support uniform depositions, with varied surface structures.

XPS analysis revealed the chemical compositions indicating a 1:1 Ti to N atomic

ratio. XPS elemental analysis of different samples is displayed in Figure 5-35.
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Figure 5-35 – Elemental XPS analysis at different samples reveals similar 1:1

Ti to N atomic ratio, indicating the TiN deposition.

Improved furnaces generate more constant growth results. The XPS analysis

confirms that current deposition condition favorites the reaction for TiN

nanostructure formation.
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Chapter 6

Discussion

6.1. Liquid Exfoliation

The liquid exfoliation method taking surface tension calculation into

consideration is proven to be more effective. Solution with adjustable ratio of

different organic solvents is the key concept, matching surface tension between

exfoliation liquid and sample materials. Adjustable surface tension organic solvent

method offers improved efficiency, reduced hazard and flexible formulation,

compared to conventional liquid exfoliation.

In this project, uniform nanoscale TiB2 particles are achieved with stable

dispersion in exfoliation solution. With TiS2, few-layer nanosheets are fabricated.

The different exfoliation results with TiB2 and TiS2 attribute to the fundamental

difference in crystal structure. TiB2’s lack of layered structure leads to 3D
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exfoliation; while, the weak vdW interlayer force enables the layer exfoliation of

TiS2. Potential applications of exfoliated TiB2 and TiS2 nanostructures include

enhancement fillers, lubrications and heat dispassion;

6.2. Chemical Vapor Deposition of Titanium Compound

Nanostructures

On Ti foil surface, complex titanium compound nanostructures are fabricated

via CVD procedures developed in this project. Constant growth and crystallization is

achieved, potentially opening up a new direction of CVD synthesis for

nanostructures with complicated chemical compositions.

On SiO2 wafer, however, amorphous BN deposition occurs for the lack of Ti

precursor. Without Ti sublimation, only BN is formed under 1,000 °C. The high

boiling temperature, 3,287 °C, makes Ti difficult to manipulate under regular CVD

condition. For using SiO2 wafer as substrate, either eutectic system or Ti sputtering

is necessary for introducing Ti atoms.

Various coatings are synthesized with CVD method using ammonia borane as

precursor, on different titanium substrates. Common characters of the depositions

are complex chemical composition and unique nano-crystalline. Due to the high

sensitivity to oxygen, improvement on the CVD system is applied, with flow rate
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meters and oxygen filter, along with adjustments on gas supply routes. Updated

furnace system yields TiN deposition as presented in “Results”.

6.3. Pristine Substrates as Comparison

Pristine substrates are characterized to understand the change induced by

deposition. Similar characterization methods are used including optical microscopy,

SEM, EDS, XPS, Raman and XRD. The data collected from the pristine materials are

used to identify possible chemical compositions and different physical properties in

deposited nanostructures.

6.3.1. Titanium foil

The surface morphology of the Ti foil substrate used in this project is

displayed in Figure 6-1. It has relatively flat surface with polishing marks. No

significant grain structures are observed under SEM. Evidently, surface

morphologies is altered through CVD.
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Figure 6-1 – Optical microscopy (left) and SEM (right) of Ti foil surface used

for CVD deposition. Pristine Ti substrate has polishing marks and no obvious

grain structures. Surface morphology is significantly changed via deposition.

Ti foil substrate before deposition contains mainly titanium and oxygen,

confirmed with EDS, due to the easy oxidation of Ti. The lattice structures of Ti

(P63/mmc (No. 194)) and TiB2 (P6/mmm (No. 191)) both belong to hexagonal

crystal group; while TiN (Fm-3m (No. 225)) is a face-centered cubic crystal

structure. The lattice parameters are listed,

 Ti: a = b = 2.952 Å, c = 4.683 Å;

 TiB2: a = b = 3.03, c = 3.23 Å;

 TiN: a = b = c = 4.242 Å.
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6.3.2. Ti@SiO2

As control group, Ti@SiO2 substrates are baked under the same CVD

condition in absence of ammonia borane precursor. The participation of ammonia

borane in deposition is confirmed. The possibility of the nanostructures after

deposition formed solely due to the precipitation of Ti and O is eliminated.

SEM results of high temperature treated Ti@SiO2 substrate are revealed in

Figure 6-2. Island formation with narrow flakes formed network is distributed on

wafer surface. The nano-flakes are about 500 nm in length and 50 nm in width,

resulted from the reformation of thin layer titanium oxide deposited on silica wafer.

The morphology and chemical composition difference are significant with the

presence of ammonia borane precursor. EDS signal on nano-flake network is mostly

contributed by wafer (i.e., SiO2) for the nanoscale thickness of e-beam evaporated Ti

layer (10-15 nm), considerably different from the results of deposition with

ammonia borane, as illustrated in “Results”.
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Figure 6-2 – SEM of Ti@SiO2 wafer heat treated under 1,000 °C in absence of

ammonia borane precursor. Differnece in morphology is obvious: narrow

nanoscale flaks are formed with network structure on wafer surface.
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6.4. Depth Profile XPS

6.4.1. Ti@SiO2 substrate

Depth profile XPS on Ti@SiO2 substrate before deposition is performed, as a

baseline. The atomic ratio of Ti and O revealed is close to 1:2. The e-beam

evaporated Ti nanoscale layer is oxidized into TiO2 before CVD process as expected.

Figure 6-3 – XPS of Ti@SiO2 substrate. According to the spectrum and element

concentration analysis, the substrate is oxidized and consists of mostly TiO2,

prior to CVD growth.

Depth profile on Ti@SiO2 demonstrates that the oxidation is concentrated at

wafer surface, for the oxygen level decreasing through etching as in Figure 6-4.
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Figure 6-4 – Element concentration changes on Ti@SiO2 substrate over 2

etchings. The oxygen percentage decreases, indicating surface oxidation.

Signal from silica wafer is obtained after the second etching.

Similar to the Ti elemental depth profile acquired from pristine Ti foil

substrate, the XPS peak position shift significantly before and after etching, due to

the different binding energy of TiO2 and Ti.
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Figure 6-5 – XPS depth profile of Ti in Ti@SiO2 substrate. A shift of the peak

position is observed before and after etching. Peak intensity is reduced by

etching. Red – spectrum before etching; Blue – spectrum after first etching;

Green – spectrum after second etching.

6.4.2. Deposited Nanostructures on Ti@SiO2 Substrate

Depth profile XPS conducted on the sample after deposition on Ti@SiO2

reveals a small boron concentration during etching process. Before etching, XPS

result is displayed in Figure 6-6.
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Figure 6-6 – XPS spectrum and element concentation on CVD titanium compound

nanostructure created on Ti@SiO2 substrate.

The depth profile XPS reveals concentration change of individual element

including Ti, O, C, N and B. According to the signal intensity plotted in Figure 6-7,

titanium concentration increases after the first etching, although oxygen level

remains similar over two etchings. This concentration change confirms that the

oxidation occurs on the surface of substrate before CVD process. The boron and

nitrogen concentrations stay low through the etching process; while, surface

adsorbed carbon is removed by the etching. Boron concentration reaches maximum

after first etching, which can be an evidence of oxidation of titanium borides after

deposition.
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Figure 6-7 – Signal intensity changes of individual elements over two etchings:

red – Ti2p, blue – O1s, green – C1s, yellow – Si2p, turquoise – N1s, and pink –

B1s. Oxidaiton is confirmed to occur before deposition and possibly after.

Depth profile XPS furthermore exhibit the elemental binding energy changes

over etching. A shift on Ti and N peak positions happens after etching. N1s binding

energy increases from 395.8 eV to 400 eV after etching. The spectrum shift of Ti is

displayed in Figure 6-8. Similar to the results obtained from Ti@SiO2 substrate

before deposition, the signal intensity decreased after each etching and peak

positions are slightly shifted, tracing the difference between TiO2 and Ti.
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Figure 6-8 – Binding energy of Ti element in nanostructures deposited on

Ti@SiO2 substrate changes after etching. Peak position and intensity

variations are similar to the trend observed on Ti@SiO2 substrate. Red –

spectrum before etching; Blue – spectrum after first etching; Green – spectrum

after second etching.

Overall, the depth profile XPS demonstrate the decrease in oxygen and

increase in titanium after etching. Boron concentration varies little over etchings.

Similar results are found with Ti@SiO2 before and after deposition, a shift of Ti peak

position agreeing with the binding energy difference between TiO2 and Ti. On the

contrary, B1s peaks position at 191 eV unchanged before and after etching. As a

conclusion, oxidation occurs both before and after CVD process on Ti@SiO2

substrates.
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Chapter 7

Conclusion

In this project, the development of titanium compound nanostructures is

achieved through two nanomaterial fabrication methods, liquid exfoliation and

chemical vapor deposition. Comprehensive characterizations are performed,

revealing unique physical and chemical characters of developed nanostructures.

Characterization results and fabrication procedures of titanium compound

nanostructures, acquired from this project, can be adopted in future development of

protective coating, lubrication, thermal management and various potential

applications in energy industry.

Organic solvent exfoliation assisted with ultrasonication demonstrates

superior efficiency with both TiB2 and TiS2 particles, with reduced operational

hazards. Uniform TiB2 nanoparticles and TiS2 nanosheets are produced, by matching

the surface tension of solution and materials. The combination of calculation with
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experimental results provides guidance to solution formulation. Compared with

traditional organic solvent exfoliation, the procedures developed in this project are

safer and more effective for the choices of solvents and reduced sonication energy

requirement.

Titanium compound nanostructures fabricated via thermal chemical vapor

deposition displays intriguing morphologies, physics and chemical compositions.

Various nanostructures are achieved during this project. Most of them possess

complicated chemical formulations. Crystallized depositions occur on different

substrates including titanium foil, titanium e-beam evaporated silica wafer and

pristine silica wafer. Ammonia borane as gas phase precursor supplies both boron

and nitrogen atoms resulting in distinctive complex compound deposition. Specific

apparatus and growth procedures are developed during this project to acquire the

novel titanium compound nanostructures. Different from single matter depositions

previously reported using chemical vapor deposition, this project suggests a new

direction of nanomaterial development with complex chemical compositions and

numerous possibilities in nanostructures.

Comprehensive characterizations reveal the surface morphologies, atomic

structure, chemical composition and deposition mechanism of developed

nanostructures. Material characterization techniques adopted in this project are

scanning electron microscopy for surface morphology, transmission electron

microscopy for atomic resolution, X-ray diffraction for crystal structure, energy

dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy for chemical
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composition. Additionally, ion etching depth profile with X-ray photoelectron

spectroscopy performed on pristine substrates and deposited samples cast light on

the growth mechanism, especially the oxidation progress.

Titanium compound nanostructures and their unique fabrication procedures

in this project offer industrial applicable materials and nanomaterial development

techniques. Owing to the high hardness, electrical and thermal conductivity of

titanium borides and nitrides, protective coatings, enhancement fillers, lubricants,

and heat dissipating packages can be generated from this project. More importantly,

for the complex chemical compositions and diverse nanostructures obtained, a new

direction of nanomaterial development, other than single matter fabrication, is

suggested, with great application potentials in energy industry.
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