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ABSTRACT

SYNTHESIS, CHARACTERIZATION AND APPLICATION OFFUNCTIONAL CARBON NANO MATERIALS

Report Title

The synthesis, characterizations and applications of carbon nanomaterials, including carbon nanorods, carbon 
nanosheets, carbon nanohoneycombs and carbon nanotubes were demonstrated. Different growth techniques such as 
pulsed laser deposition, DC/RF sputtering, hot filament physical vapour deposition, evaporative casting and vacuum 
filtration methods were introduced or applied for synthesizing carbon nanomaterials. The morphology, chemical 
compositions, bond structures, electronic, mechanical and sensing properties of the obtained samples were 
investigated.



Tilted well-aligned carbon micro- and nano- hybrid rods were fabricated on Si at different substrate temperatures and 
incident angles of carbon source beam using the hot filament physical vapour deposition technique. The morphologic 
surfaces and bond structures of the oblique carbon rod-like structures were investigated by scanning electron 
microscopy, field emission scanning electron microscopy, transmission electron diffraction and Raman scattering 
spectroscopy. The field emission behaviour of the fabricated samples was also tested.



Carbon nanosheets and nanohoneycombs were also synthesized on Si substrates using a hot filament physical vapor 
deposition technique under methane ambient and vacuum, respectively. The four-point Au electrodes are then 
sputtered on the surface of the nanostructured carbon films to form prototypical humidity sensors. The sensing 
properties of prototypical sensors at different temperature, humidity, direct current, and alternative current voltage 
were characterized. Linear sensing response of sensors to relative humidity ranging from 11% to 95% is observed at 
room temperature. Experimental data indicate that the carbon nanosheets based sensors exhibit an excellent reversible 
behavior and long-term stability. It

also has higher response than that of the humidity sensor with carbon nanohoneycombs materials.

Conducting composite films containing carbon nanotubes (CNTs) were prepared in two different ways of evaporative 
casting and vacuum filtration methods using the biopolymer kappa-carrageenan (KC) as a dispersant. Evaporative 
casting and vacuum filtration film-formation processes were compared by testing electrical properties. Results 
showed that films produced using vacuum filtration had higher electrical properties than those prepared using the 
evaporative casting method. The evaporative casted multi walled carbon nanotubes composite films also performed 
as the best humidity sensor over all other films measured.
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Abstract 

The synthesis, characterizations and applications of carbon nanomaterials, including 

carbon nanorods, carbon nanosheets, carbon nanohoneycombs and carbon nanotubes were 

demonstrated. Different growth techniques such as pulsed laser deposition, DC/RF sputtering, 

hot filament physical vapour deposition, evaporative casting and vacuum filtration methods 

were introduced or applied for synthesizing carbon nanomaterials. The morphology, chemical 

compositions, bond structures, electronic, mechanical and sensing properties of the obtained 

samples were investigated. 

Tilted well-aligned carbon micro- and nano- hybrid rods were fabricated on Si at different 

substrate temperatures and incident angles of carbon source beam using the hot filament 

physical vapour deposition technique. The morphologic surfaces and bond structures of the 

oblique carbon rod-like structures were investigated by scanning electron microscopy, field 

emission scanning electron microscopy, transmission electron diffraction and Raman 

scattering spectroscopy. The field emission behaviour of the fabricated samples was also 

tested. 

Carbon nanosheets and nanohoneycombs were also synthesized on Si substrates using a 

hot filament physical vapor deposition technique under methane ambient and vacuum, 

respectively. The four-point Au electrodes are then sputtered on the surface of the 

nanostructured carbon films to form prototypical humidity sensors. The sensing properties of 

prototypical sensors at different temperature, humidity, direct current, and alternative current 

voltage were characterized. Linear sensing response of sensors to relative humidity ranging 

from 11% to 95% is observed at room temperature. Experimental data indicate that the carbon 

nanosheets based sensors exhibit an excellent reversible behavior and long-term stability. It 

also has higher response than that of the humidity sensor with carbon nanohoneycombs 
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materials. 

Conducting composite films containing carbon nanotubes (CNTs) were prepared in two 

different ways of evaporative casting and vacuum filtration methods using the biopolymer 

kappa-carrageenan (KC) as a dispersant. Evaporative casting and vacuum filtration 

film-formation processes were compared by testing electrical properties. Results showed that 

films produced using vacuum filtration had higher electrical properties than those prepared 

using the evaporative casting method. The evaporative casted multi walled carbon nanotubes 

composite films also performed as the best humidity sensor over all other films measured. 
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Chapter 1 

Introduction and Outline 

This chapter describes the motivation and outline of this thesis work. A brief review to the 

carbon phases and its allotropes, the properties of carbon nanomaterials, including structural 

properties, mechanical properties, electronic properties and the potential applications of carbon 

nanomaterials, is presented in this chapter. 

1.1 Motivation 

   Of all the elements in the periodic table, only carbon provides the basis for life on earth. 

Carbon is also the key for many technological applications ranging from drugs to synthetic 

materials that have become indispensable in our daily life and have influenced the world’s 

civilization for centuries [1, 2]. It allowed the beginnings of the industrial revolution, enabling the 

rise of the steel and chemical industries, it made the railways run, and it played a major role in the 

development of naval transportation. The increased device performance of information and data 

processing systems is changing our lives on a daily basis, producing scientific innovations for a 

new industrial era. However, success breeds its own problems, and there is ever more data to be 

handled—which requires a nanoscience approach [3].  

Nanotechnology is considered to be the technology of the future; it is perhaps today’s most 

advanced manufacturing technology, because it reaches the theoretical limit of accuracy which is 

the size of a molecule or atom. The last decade has seen advancement in every side of 

nanotechnology such as: nanoparticles and powders, nanolayers and coats, electrical, optic and 

mechanical nanodevices, and nanostructured biological materials. In manufacturing industry, two 
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interrelated trends are also clearly seen: the trend towards miniaturization and the trend towards 

ultra-precision processing [4]. Both trends are moving in the direction of nanotechnology, because 

both are tending to dimensions which lie in the range of several nanometers. Nanotechnology 

refers to the development of devices, structures, and systems whose size varies from 1 to 100 

nanometers (nm). 

The term “nanotechnology” was introduced by Nori Taniguchi in 1974 at the Tokyo 

International Conference on Production Engineering. He used the word to describe ultrafine 

machining: the processing of a material to nanoscale precision. This work was focused on studying 

the mechanisms of machining hard and brittle materials such as quartz crystals, silicon, and 

alumina ceramics by ultrasonic machining [5, 6]. However, American Physicist and Nobel 

Laureate Richard Feynman argued that the scanning electron microscope could be improved in 

resolution and stability, so that one would be able to “see” atoms. He proceeded to predict the 

ability to arrange atoms the way a researcher would want them, within the bounds of chemical 

stability, in order to build tiny structures that in turn would lead to molecular or atomic synthesis of 

materials [6, 7]. Based on Feynman’s idea, K. E. Drexler advanced the idea of “molecular 

nanotechnology” in his books “Engines of Creation” (1986) and “Nanosystems” (1992) where he 

postulated the concept of using nanoscale molecular structures to act in a machinelike manner to 

guide and activate the synthesis of larger molecules. [8-10]. 

In the last three decades, zero-dimensional, one-dimensional, and two-dimensional carbon 

nanomaterials (such as fullerenes, carbon nanorods, carbon nanotubes, and grapheme…) have 

attracted significant attention from the scientific community due to their unique electronic, optical, 

thermal, mechanical, and chemical properties. Carbon nanomaterials, composed entirely of sp2 

bonded graphitic carbon, are found in all reduced dimensionalities including zero-dimensional 
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fullerenes, one-dimensional carbon nanotubes (CNTs), and two-dimensional graphene. With 

nanometer-scale dimensions, the properties of carbon nanomaterials are strongly dependent on 

their atomic structures and interactions with other materials. Advances in producing highly 

monodisperse carbon nanotube and graphene samples have renewed interest in employing them as 

the basis of electronic, optoelectronic, photovoltaic, and sensing applications[11]. CNTs are the 

most ideal and promising materials for future nanotechnology applications including field effect 

transistors, single electron transistors, field emission displays, memory devices, sensors and 

probes due to their remarkable thermal, electronic and mechanical properties [12, 13]. Meanwhile, 

research interest in graphene, a two-dimensional crystal consisting of a single atomic plane of 

carbon atoms, has also been driven by its extraordinary properties and widely potential 

applications [14, 15]. Recent measurements of the remarkable electronic properties of graphene 

have resulted in intense research activity. All these characteristics have put carbon and 

carbon-related nanomaterials in the spotlight of science and technology research.  

1.2 Carbon Phases and carbon allotropes 

The phase diagram of carbon (Fig. 1.1) was controversial for many years and only recently well 

established experimentally within the temperature range up to about 10,000 K and the pressure range 

up to about 100 Gpa, the higher region being still poorly understood [16, 17].  

There are at least two stable solid phases of carbon: graphite with a crystalline hexagonal form 

and diamond with a tetrahedral form. Both forms can exist in the same quite wide range of 

thermodynamic conditions; however, graphite can be transformed to diamond only at very high 

pressures, above 10 GPa [18].  

It is well known that at ambient pressure graphite will sublimate when heated rather than melt. 

The pressure of gaseous carbon is, however, relatively low, and at sufficient temperature and pressure 
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graphite will melt rather than vaporise. The two triple-points are estimated to locate at temperatures 

between 4300-4700 K, and pressures between 0.01 GPa (graphite - vapour -liquid) and 10 GPa 

(graphite - liquid - diamond) [19]. 

 
Fig. 1.1 Theoretically predicted phase diagram of carbon [20]. 

 

The different forms or allotropes of carbon include the hardest naturally occurring substance, 

diamond, and also one of the softest known substances, graphite. Moreover, it has an affinity for 

bonding with other small atoms, including other carbon atoms, and is capable of forming multiple 

stable covalent bonds with such atoms. As a result, carbon is known to form almost ten million 

different compounds-the large majority of all chemical compounds [20]. Carbon also has the 

highest sublimation point of all elements. At atmospheric pressure it has no melting point as its 

triple point is at 10.8 ± 0.2 MPa and 4,600 ± 300 K (~4,330 °C or 7,820 °F) [21, 22], so it sublimes 

at about 3,900 K [19, 23]. 

Carbon is well known to form distinct solid state allotropes with diverse structures and 

properties ranging from sp3 hybridized diamond to sp2 hybridized graphite. Mixed states are also 

possible and form the basis of amorphous carbon, diamondlike carbon, and nanocrystalline 
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diamond. Diamond is a metastable form of carbon that possesses a three-dimensional cubic lattice 

with a lattice constant of 0.357 nm and C–C bond length of 0.154 nm. In contrast, graphite is the 

most thermodynamically stable form of carbon at room temperature and consists of a layered 

two-dimensional structure where each layer possesses a hexagonal honeycomb structure of sp2 

bonded carbon atoms with a C–C bond length of 0.142 nm. These single atom thick layers (i.e., 

graphene layers) interact via noncovalent van der Waals forces with an interlayer spacing of 0.335 

nm. The weak interlayer bonding in graphite implies that single graphene layers can be exfoliated 

via mechanical or chemical methods as will be outlined in detail below. Graphene is often viewed 

as the two-dimensional building block of other sp2 hybridized carbon nanomaterials in that it can 

be conceptually rolled or distorted to form carbon nanotubes and fullerenes. [11] 

Fullerenes are the zero-dimensional form of graphitic carbon that can be visualized as an 

irregular sheet of graphene being curled up into a sphere by incorporating pentagons in its structure. 

Fullerenes come in various forms and sizes ranging from 30 to 3000 carbon atoms. As a fullerene 

is elongated in one dimension, it approaches the structure of a CNT. Conceptually, CNTs are 

seamless cylinders of single or few layered graphene with a high aspect ratio (i.e. length to 

diameter ratio) that ranges from 102 to 107. The structure, diameter, and electronic type of a 

single-walled carbon nanotube (SWCNT) are determined by the chiral vector (i.e., roll-up vector) 

that defines the circumference of the SWCNT with respect to the graphene lattice (Fig. 1.2) [24]. 

Multi-walled carbon nanotubes (MWCNTs) consist of nested, concentric shells of SWCNTs with 

a spacing between individual walls of 0.34 nm. 
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Fig. 1.2 A schematic of the lattice structure of graphene. Wrapping a rectangular section of  
graphene along the chiral vector (Ch) conceptually produces a SWCNT [11, 24]. 

 

1.3 Carbon nanotubes 

CNTs are allotropes of carbon with a cylindrical nanostructure. Nanotubes have been 

constructed with length-to-diameter ratio of up to 132,000,000:1 [25], significantly larger than that 

of any other material. These cylindrical carbon molecules have unusual properties, which are 

valuable for nanotechnology, electronics, optics and other fields of materials science and 

technology. In particular, owing to their extraordinary thermal conductivity and mechanical and 

electrical properties, CNTs find applications as additives to various structural materials. [26] 

1.3.1 Discovery of CNTs 

In 1952, L. V. Radushkevich and V. M. Lukyanovich published clear images of 50 nanometer 

diameter tubes made of carbon in the Soviet Journal of Physical Chemistry [27]. This discovery 
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was largely unnoticed, as the article was published in the Russian language, and Western scientists' 

access to Soviet press was limited during the Cold War. It is likely that carbon nanotubes were 

produced before this date, but the invention of the transmission electron microscope (TEM) 

allowed direct visualization of these structures. 

A paper by Oberlin, Endo, and Koyama published in 1976 clearly showed hollow carbon 

fibers with nanometer-scale diameters using a vapor-growth technique [28]. Additionally, the 

authors show a TEM image of a nanotube consisting of a single wall of graphene. Later, Endo has 

referred to this image as a single-walled nanotube [29]. 

In 1979, John Abrahamson presented evidence of carbon nanotubes at the 14th Biennial 

Conference of Carbon at Pennsylvania State University. The conference paper described carbon 

nanotubes as carbon fibers that were produced on carbon anodes during arc discharge. A 

characterization of these fibers was given as well as hypotheses for their growth in a nitrogen 

atmosphere at low pressures.[30] 

In 1981, a group of Soviet scientists published the results of chemical and structural 

characterization of carbon nanoparticles produced by a thermocatalytical disproportionation of 

carbon monoxide. Using TEM images and XRD patterns, the authors suggested that their “carbon 

multi-layer tubular crystals” were formed by rolling graphene layers into cylinders. They 

speculated that by rolling graphene layers into a cylinder, many different arrangements of 

graphene hexagonal nets are possible. They suggested two possibilities of such arrangements: 

circular arrangement (armchair nanotube) and a spiral, helical arrangement (chiral tube).[31] 

In 1987, Howard G. Tennett of Hyperion Catalysis was issued a U.S. patent for the production 

of "cylindrical discrete carbon fibrils" with a "constant diameter between about 3.5 and about 

70 nanometers..., length 102 times the diameter, and an outer region of multiple essentially 
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continuous layers of ordered carbon atoms and a distinct inner core...."[29] 

Sumio Iijima's discovery of multi-walled carbon nanotubes in the insoluble material of 

arc-burned graphite rods in 1991 [32] and Mintmire, Dunlap, and White's independent prediction 

that if single-walled carbon nanotubes could be made, then they would exhibit remarkable 

conducting properties [33] helped create the initial buzz that is now associated with carbon 

nanotubes. Nanotube research accelerated greatly following the independent discoveries [34, 35] 

by Bethune at IBM [29] and Iijima at NEC of single-walled carbon nanotubes and methods to 

specifically produce them by adding transition-metal catalysts to the carbon in an arc discharge. 

The arc discharge technique was well-known to produce the famed Buckminster fullerene on a 

preparative scale [36], and these results appeared to extend the run of accidental discoveries 

relating to fullerenes. The original observation of fullerenes in mass spectrometry was not 

anticipated [37], and the first mass-production technique by Krätschmer and Huffman was used for 

several years before realizing that it produced fullerenes [36]. 

The discovery of nanotubes remains a contentious issue. Many believe that Iijima's report in 

1991 is of particular importance because it brought carbon nanotubes into the awareness of the 

scientific community as a whole.[38] 

1.3.2 Structure of CNTs 

CNTs can be constructed in two basic forms, SWCNTs and MWCNTs. SWCNTs consist of a 

single tube of graphene sheet which is made up of benzene type hexagonal rings of carbon atoms 

(Fig. 1.3), whereas MWCNTs are composed of several concentric tubes of graphene fitted one 

inside the other [39, 40]. The diameter of CNTs varies from a few nanometres in the case of 

SWCNTs to several tens of nanometres in the case of MWCNTs. The lengths of the CNTs are 

usually in the micrometre range [41]. 
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Fig. 1.3 Wrapping of graphene sheet to form SWCNT [40]. 

 

In addition to the two different basic structures, there are three different possible types of 

carbon nanotubes. These three types of CNTs are armchair carbon nanotubes, zigzag carbon 

nanotubes, and chiral carbon nanotubes. The difference in these types of carbon nanotubes are 

created depending on how the graphite is “rolled up” during its creation process. The choice of 

rolling axis relative to the hexagonal network of the grapheme sheet and the radius of the closing 

cylinder allows for different types of SWCNTs [39]. 

The chiral vector is represented by a pair of indices, n and m, where these two integers 

correspond to the number of unit vectors along the two directions in the honeycomb crystal lattice 

of grapheme. When m = 0 the nanotube is called “zigzag”, when n = m the nanotube is called 

“armchair”, and all other configuration are designated as chiral [42-44]. Fig. 1.4 and Fig. 1.5 show 

the three different types of SWCNTs: armchair, zigzag, and chiral [40, 43]. 

 



 10 

 
Fig. 1.4 The principle of CNT construction from graphene sheet along the chiral vector [40]. 

 

 

    

Fig. 1.5 Three types of SWCNTs: (a) Armchair (n,n), (b) Zigzag (n,0) and (c) Chiral (n,m) [29]. 
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1.3.3 Properties of CNTs 

1) Mechanical properties 

  The strength of the sp2 carbon-carbon bonds gives carbon nanotubes amazing mechanical 

properties. No previous material has displayed the combination of superlative mechanical, thermal, 

and electronic properties attributed to them. Their densities can be as low as 1.3 g/cm3(one-sixth 

of that of stainless steel). CNTs Young’s moduli (measure of material stiffness) are superior to all 

carbon fibres with values greater than 1 TPa which is approximately 5x higher than steel [45]. 

However, their strength is what really sets them apart. Carbon nanotubes are the strongest 

materials ever discovered by mankind. The highest measured tensile strength or breaking strain for 

a carbon nanotube was up to 63 GPa which is around 50 times higher than steel [45]. Even the 

weakest types of carbon nanotubes have strengths of several GPa [39, 46]. Besides that, Standard 

SWCNTs can withstand a pressure up to 25 GPa without deformation [29]. 

2) Electrical properties 

Because of the symmetry and unique electronic structure of graphene, the structure of a 

nanotube strongly affects its electrical properties. for a given (n,m) nanotube, if n = m, the 

nanotube is metallic; if n − m is a multiple of 3, then the nanotube is semiconducting with a very 

small band gap, otherwise the nanotube is a moderate semiconductor. Thus all armchair (n = m) 

nanotubes are metallic, and nanotubes (6,4), (9,1), etc. are semiconducting [47]. Semiconducting 

nanotubes have bandgaps that scale inversely with diameter, ranging from approximately 1.8 eV 

for very small diameter tubes to 0.18 eV for the widest possible stable SWCNT [48]. 

3) Thermal properties 

All nanotubes are expected to be very good thermal conductors along the tube, exhibiting a 
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property known as "ballistic conduction", but good insulators laterally to the tube axis. 

Measurements show that a SWCNT has a room-temperature thermal conductivity along its axis of 

about 3500 W·m−1·K−1 [49]; compare this to copper, a metal well known for its good thermal 

conductivity, which transmits 385 W·m−1·K−1. A SWCNT has a room-temperature thermal 

conductivity across its axis (in the radial direction) of about 1.52 W·m−1·K−1 [50], which is about 

as thermally conductive as soil. The temperature stability of carbon nanotubes is estimated to be up 

to 2800℃ in vacuum and about 750℃ in air [51]. 

1.3.4 Applications of CNTs 

Nowadays, various prototype electronic devices have been developed using single and 

multi-walled CNTs. 

    1) CNTs for electronic and optoelectronic applications 

The diverse range of CNT electronic properties as a function of their chiral vector coupled 

with their quasi-one dimensional structure presents a number of attractive opportunities for 

electronic applications. For example, semiconducting CNTs are promising channel materials in 

field-effect transistors (FETs), whereas metallic CNT thin films are potentially useful as 

transparent conductors [52].  

When a potential is applied between a CNT surface and an anode, electrons are easily emitted 

from their tips (electron tunneling from the tips into the vacuum) due to curvature (presence of 

pentagons) [53] or dangling bonds (oxidized tips) [54]. Using this principle, CNTs can be used as 

efficient field emission sources for the fabrication of multiple electronic devices [55] such as flat 

panel displays, intense light sources or bright lamps [56-58], and X-ray sources [59]. 

The unique optical properties of CNTs also present opportunities for novel optoelectronic 
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devices. Semiconducting CNTs are direct band gap materials that possess free electron–hole pair 

excitations as well as strongly bound electron–hole pair states called excitons [60, 61]. It have 

been incorporated in a variety of optoelectronic devices such as light detectors, light emitters, and 

transparent conductors [24, 62, 63]. Van Hove singularities in the one-dimensional density of 

states and strongly bound excitons make CNTs interesting candidates for optoelectronics [64].The 

exciton binding energy depends on the diameter of CNTs [65, 66] as well as on the dielectric 

constant of the surrounding environment [66]. Excitons in CNTs can be created optically as well as 

electrically, and the corresponding radiative recombination results in photoluminescence and 

electroluminescence in CNTs. Electroluminescence in CNTs has been demonstrated at room 

temperature in ambipolar FETs [67] as well as through impact excitation in unipolar FETs [68]. 

2) CNTs for photovoltaic applications 

The unique optical, electrical, chemical, and mechanical properties of CNTs make them 

enticing materials for photovoltaic applications. CNTs possess a wide range of direct bandgaps 

matching the solar spectrum, strong photoabsorption, from infrared to ultraviolet, and high carrier 

mobility and reduced carrier transport scattering, which make themselves ideal photovoltaic 

material. Photovoltaic effect can be achieved in ideal SWCNTs diodes. Individual SWCNTs can 

form ideal p-n junction diodes [69].Furthermore, the optical excitation of strongly bound excitons 

in semiconducting SWCNTs at room temperature shows similarities to the conjugated organic 

molecules and polymers that are commonly employed in organic photovoltaics [61, 70]. In 

addition, CNTs show significantly higher carrier mobility and reduced trap density compared to 

organic electronic materials. Consequently, CNTs are gaining popularity as components of 

photovoltaic devices [71, 72]. 
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3) CNTs for sensing applications 

The fabrication of chemical sensors using CNTs can also be exploited so that novel and 

low-cost technologies can emerge in the near future. Lieber et al. [73] were the first to demonstrate 

that it is possible to sense functional chemical groups attached at the nanotube ends using chemical 

force microscopy (CFM) techniques. Subsequently, Dai et al. [74] carried out toxic gas sensing 

experiments using pellets of SWCNTs. The authors were able to detect low gas concentrations 

(e.g., ppm) of nitrogen dioxide (NO2) or ammonia (NH3), by observing strong and drastic transport 

changes in the SWCNT material [74]. Therefore, it is possible to construct various types of 

nanotube composite pellets that are sensitive to gases and could be used to monitor leaks in 

chemical plants. One report of gas sensors based on single CNT FETs was also made by Kong et al. 

in 2000 [74]. Large shifts in threshold voltages were observed in the negative and positive 

directions upon exposure to NH3 and NO2, respectively [43].  

In addition to gas sensing, SWCNTs can also be used as sensitive environmental pressure 

sensors [75].Wood and Wagner [75] noted that SWCNTs are very sensitive to liquid immersion  or 

polymer embedding [76] because the nanotubes slightly deform in the presence of different liquid 

media. Sensitive visible radiation and magnetic sensors could also be developed using CNT 

materials. 

4) CNTs for electrochemical applications 

Due to the large surface area observed in MWCNT and bundles of MWCNTs, as well as their 

high electrical conductivity, CNTs are excellent candidates for application involving 

electrochemical devices [57]. For instance, the fabrications of supercapacitors and electrochemical 

actuators that could be used as artificial muscles are further alternatives for CNT applications [43].  

The exceptional electrical and mechanical properties of CNTs have made them alternatives to 
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the traditional electrical actuators for both microscopic and macroscopic applications. CNTs are 

very good conductors of both electricity and heat, and they are also very strong and elastic 

molecules in certain directions. These properties are difficult to find in the same material and very 

needed for high performance actuators. For current CNTs actuators, MWCNTs and bundles of 

MWCNTs have been widely used mostly due to the easiness of handling and robustness. Solution 

dispersed thick films and highly ordered transparent films of CNTs have been used for the 

macroscopic applications [77]. 

5) CNTs for gas and hydrogen storage applications 

In addition to being able to store electrical energy, there has been some research in using 

carbon nanotubes to store hydrogen (H2) to be used as a fuel source. By taking advantage of the 

capillary effects of the small carbon nanotubes, it is possible to condense gases in high density 

inside single-walled nanotubes. This allows for gases, most notably H2, to be stored at high 

densities without being condensed into a liquid [78]. It is important to emphasize that H2 storage in 

CNTs may be used on vehicles in place of gas fuel cells for a hydrogen-powered car. 

Unfortunately, there has been controversy on the high H2 storage capacity in CNTs (from 0.1 to 66 

wt%) [79]. 

1.4 Graphene 

The youngest representative of synthetic carbon allotropes is 2D graphene. In graphene, 

carbon atoms are densely packed in a regular sp2-bonded atomic-scale chicken wire (hexagonal) 

pattern (Fig. 1.6). Graphene can be described as a one-atom thick layer of graphite. It is the basic 

structural element of other allotropes, including graphite, carbon nanotubes and fullerenes [80]. 

Unlike most materials in condensed matter physics, where the Schrodinger equation can be used to 
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describe their electronic properties, for graphene, the charge carriers mimic relativistic particles 

and can thus be described using the Dirac equation and this allows access to quantum 

electrodynamics in a simple condensed matter experiment [81]. The scalability of graphene 

devices to nanodimensions makes it a promising candidate for applications, because of its ballistic 

transport at room temperature combined with chemical and mechanical stability. Remarkable 

properties extend to bilayer and fewlayer graphene [82]. 

 
 
Fig. 1.6 Schematic of graphene: an atomic-scale honeycomb lattice made of carbon atoms [80].  

 

High-quality graphene is strong, light, nearly transparent and an excellent conductor of heat 

and electricity. Its interactions with other materials and with light and its inherently 2D nature 

produce unique properties, such as the bipolar transistor effect, ballistic transport of charges and 

large quantum oscillations. 

At the time of its isolation in 2004 [2, 83], researchers studying carbon nanotubes were 

already familiar with graphene's composition, structure and properties, which had been calculated 

decades earlier. The combination of familiarity, extraordinary properties, surprising ease of 
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isolation and unexpectedly high quality of the obtained graphene enabled a rapid increase in 

graphene research. Andre Geim and Konstantin Novoselov won the Nobel Prize in Physics in 2010 

"for groundbreaking experiments regarding the 2D material graphene" [84]. 

1.4.1 Properties of graphene 

1) Mechanical properties 

Due to the strength of its 0.142 nm-long carbon bonds, graphene appeared to be one of the 

strongest materials known with a breaking strength over 100 times greater than a hypothetical steel 

film of the same thickness [85], with a Young's modulus (stiffness) of 1 Tpa [14]. Not only is 

graphene extraordinarily strong, it is also very light at 0.77 milligrams per square meter. It is often 

said that a single sheet of graphene (being only 1 atom thick), sufficient in size enough to cover a 

whole football field, would weigh under 1 single gram [86]. What’s more, graphene also contains 

elastic properties, being able to retain its initial size after strain [86]. You can stretch graphene up 

to 20% of its initial length. It is expected that graphene’s mechanical properties will find 

applications into making a new generation of super strong composite materials and along 

combined with its optical properties, making flexible displays [87].  

2) Chemical properties 

Graphene is the only form of carbon (and generally all solid materials) in which each single 

atom is in exposure for chemical reaction from two sides due to the 2D structure. It is known that 

carbon atoms at the edge of graphene sheets have special chemical reactivity, and graphene has the 

highest ratio of edgy carbons. In addition, various types of defects within the sheet, which are very 

common, increase the chemical reactivity [88]. Similar to the surface of graphite, graphene can 

adsorb and desorb various atoms and molecules (for example, NO2, NH3, …) [87].The onset 
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temperature of reaction between the basal plane of single-layer graphene and oxygen gas is below 

260℃ [89] and the graphene burns at very low temperature (~350 °C) [90]. In fact, graphene is 

chemically the most reactive form of carbon, owing to the lateral availability of carbon atoms.  

3) Electronic properties 

Intrinsic graphene is a semi-metal or zero-gap semiconductor with very high electrical 

conductivity [86]. Carbon atoms have a total of 6 electrons, 2 in the inner shell and 4 in the outer 

shell. The 4 outer shell electrons in an individual carbon atom are available for chemical bonding, 

but in graphene, each atom is connected to 3 other carbon atoms on the 2D plane, leaving 1 

electron freely available in the third dimension for electronic conduction. These highly-mobile 

electrons are called pi (π) electrons and are located above and below the graphene sheet. These pi 

orbitals overlap and help to enhance the carbon to carbon bonds in graphene. Fundamentally, the 

electronic properties of graphene are dictated by the bonding and anti-bonding (the valance and 

conduction bands) of these pi orbitals. 

It has proved that at the Dirac point in graphene, electrons and holes have zero effective mass. 

This occurs because the energy – movement relation (the spectrum for excitations) is linear for low 

energies near the 6 individual corners of the Brillouin zone [80]. These electrons and holes are 

known as Dirac fermions, or Graphinos, and the 6 corners of the Brillouin zone are known as the 

Dirac points [91]. The equation describing the electrons' linear dispersion relation is 

2 2
F x yv kE k  , where the Fermi velocity vF ~ 106 m/s, and the wavevector k is measured from 

the Dirac points (the zero of energy is chosen here to coincide with the Dirac points) [92]. Due to 

the zero density of states at the Dirac points, electronic conductivity is actually quite low. However, 

the Fermi level can be changed by doping (with electrons or holes) to create a material that is 

potentially better at conducting electricity than, for example, copper at room temperature [86]. 
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4) Optical properties 

Graphene’s ability to absorb a rather large 2.3% of white light is also a unique and interesting 

property, especially considering that it is only 1 atom thick. This is due to its aforementioned 

electronic properties; the electrons acting like massless charge carriers with very high mobility [86, 

87, 93]. A few years ago, it was proved that the amount of white light absorbed is based on the Fine 

Structure Constant, rather than being dictated by material specifics. Adding another layer of 

graphene increases the amount of white light absorbed by approximately the same value (2.3%) 

[86].  

5) Thermal properties [87] 

Graphene is a perfect thermal conductor. Its thermal conductivity at room temperature is 

much higher than the value observed in all the other carbon structures such as carbon nanotubes, 

graphite and diamond (> 5000 W/m/K).  

The ballistic thermal conductance of graphene is isotropic, i.e. same in all directions. 

Similarly to all the other physical properties of this material, its 2D structure makes it particularly 

special. Graphite, the 3D version of graphene, shows a thermal conductivity about 5 times smaller 

(1000 Wm-1K-1). The phenomenon is governed by the presence of elastic waves propagating in 

the graphene lattice, called phonons.  

The study of thermal conductivity in graphene may have important implications in 

graphene-based electronic devices. As devices continue to shrink and circuit density increases, 

high thermal conductivity, which is essential for dissipating heat efficiently to keep electronics 

cool, plays an increasingly larger role in device reliability.  
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1.4.2 Applications of graphene 

1) Graphene for digital electronics applications 

The high field effect mobility of graphene has inspired significant efforts to explore its utility 

for digital electronics. In principle, the high mobility allows faster switching circuits, and the ideal 

2D structure enables ultimate scaling of the device channel [94]. The low contact resistance of 

graphene, in contrast to CNTs, also enables high conductance devices. However, the lack of a band 

gap and the resulting low on/off ratio (5–10) seriously compromises the prospects of graphene for 

digital electronics where an on/off ratio of 104–106 is desired. Graphene shows a minimum 

conductivity of 4–8 e2 h-1 even at zero carrier concentration (i.e., unbiased gate) and thus it cannot 

be turned off completely. Although the origin of the minimum conductivity is not completely 

understood [95, 96], it is widely accepted that graphene-based digital electronics will require a 

method to open a band gap in graphene. 

2) Graphene for radio frequency electronic devices 

It is desired for high speed radio frequency (RF) electronic devices that: short gate length, 

large transconductance, small contact resistance and drain current saturation. Graphene is an 

excellent candidate for the first three RF device requirements. As a true 2D material, graphene 

should be ideal in the limit of short gate length devices. Furthermore, high carrier mobility in 

graphene at room temperature (typically 10 000–20 000 cm2 V-1 s-1 on SiO2) [97, 98] results in a 

normalized transconductance parameter of up to 7 ms [99], which is higher than the 

transconductance in state-of-the-art Si metal oxide semiconductor field effect transistors 

(MOSFETs) and GaAs high electron mobility transistors (HEMTs) [94]. The contact resistance of 

graphene (500–1000 Ωμm [100]) is much smaller than that of a SWCNT (12.9 kΩ), but it is still 
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an order of magnitude higher than in Si MOSFETs and GaAs HEMTs [94]. On the other hand, the 

saturation velocity in graphene (4×107 cm s-1) exceeds that of GaAs HEMTs and Si MOSFETs by 

approximately a factor of two [101]. 

3) Graphene for photovoltaic applications 

Due to the lack of a band gap in graphene, it is not well-suited as an active layer material for 

efficient carrier generation and separation in photovoltaic devices. However, modern solar cells 

consist of an assembly of several layers such as transparent conducting electrodes and charge 

blocking interfacial layers. In this regard, the large conductivity and high transparency of single 

layer graphene make it a promising material for transparent conducting electrodes in OPVs. In 

addition, graphene and its chemically modified derivatives are potentially candidates for charge 

blocking interfacial layers [80, 102, 103].  

4) Graphene for sensing applications 

Like SWCNTs, every carbon atom in single-layer graphene is on the surface, which implies 

that its electronic properties should be sensitive to the surrounding environment. Consequently, 

the electrical conductivity of graphene is strongly modulated by adsorbates, providing clear 

opportunities for sensing. Graphene based electrochemical sensors have been achieved by 

researchers [104-106]. 

1.5 Carbon nanorods 

Since Iijima discovered CNTs in 1991[32], other nanotubular structures have been an area of 

interest along the scientific community across the globe [107]. Nanowires, nanorods and nanobelts 

form an important class of 1D nanostructures, which provide models to study the relationship 

between electrical transport, optical and other properties with dimensionality and size confinement 
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[108]. This synthesis revolution led to a possible alternative of nanotubes for molecular electronics 

[109]. 1D carbon nanomaterials including carbon nanorods have attracted more attention not only 

due to their small dimension and unique electrical, chemical, mechanical properties, but also for 

their potential applications in various technologies [110, 111].  

Carbon nanorods were produced using different synthesis routes such as vapour-liquid-solid 

growth, oxide-assisted growth, vapour-solid growth, carbothermal reactions, template-based 

synthesis, solution-liquid-solid process and sovothermal synthesis [107, 108]. Besides these 

methods, M. Venkateswer Rao and Vivek Dhand et al. synthesized carbon nanorods using a flame 

reactor with/without catalyst [107, 112]. X. Wang et al. reported a novel 

benzene-thermal-reduction-catalysis route to produce carbon nanorods in the presence of different 

catalysts at 200℃ [111]. 

What’s more, Carbon nanorods can be synthesized via a “top-down” or “bottom-up” 

approach by using a hard template or seed mediation method, respectively. Whereas lithographic 

methods use a “top-down” miniaturization of patterns, the alternative approach of the “bottom-up” 

construction of objects has been suggested as a means to overcome the limitations of lithography 

[113]. Carbon nanorods can also be grown from the catalytic decomposition of certain 

hydrocarbons over small metal particles such as iron, cobalt, nickel, and some of their alloys [114, 

115]. The diameter of the nanostructure is controlled by the size of the catalyst particle and can 

vary between 2 and 100 nm, and lengths ranging from 5 to 100 μm3. 

Recently, 1D tilted nanorods have attracted noticeable research interest due to their inherent 

anisotropic nature with tilted geometry. 1D carbon tilted nanorods were successfully synthesized 

by using a catalyst-assisted oblique angle deposition technique [116] and hot filament physical 

vapour deposition technique [117]. 
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Due to the extraordinary combination of physical and chemical properties exhibited by 

carbon nanorods, which blends two properties that rarely coexist: high surface area and high 

electrical conductivity, which are the result of the unique stacking and crystalline order present 

within the structure, there are tremendous opportunities to exploit the potential of this form of 

carbon in a number of areas. 

1.6 Thesis outline 

In this thesis, we address the synthesis, characterization and applications of carbon 

nanomaterials, including carbon nanorods, nanosheets, nanohoneycombs and nanotubes. The 

potentials carbon nanomaterials as field electron emitting materials and humidity sensors are 

demonstrated.  

Following is a brief outline of our present work:  

In Chapter 2, an overview of the synthesis and characterization techniques, which have been 

used in this thesis, is presented. The experimental setups and basic physical processing with 

different synthesis techniques (PLD, DC/RF sputtering, HFPVD), which are installed in our 

laboratory, are described. Various general characterization techniques and tools for the study of the 

morphologic surface, chemical compositions and structural, mechanical, electronic and sensing 

properties of nano-materials are also introduced.  

In Chapter 3, we address a simple approach for synthesizing well aligned one-dimensional 

tilted micro- and nanorods hybrid carbon structure at different substrate temperatures and incident 

angles of carbon source beam by hot filament physical vapor deposition technique. The 

morphologic surfaces and bond structures of the oblique carbon rod-like structures were 

investigated by scanning electron microscopy, field emission scanning electron microscopy, 

transmission electron diffraction and Raman scattering spectroscopy. The field emission 
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measurement of the fabricated samples indicates that the sample grown at higher temperature has 

better field emitting behaviour.  

In Chapter 4, carbon nanosheets and nanohoneycombs were synthesized on Si substrates 

using a hot filament physical vapor deposition technique under methane ambient and vacuum, 

respectively. The four-point Au electrodes are then sputtered on the surface of the nanostructured 

carbon (n-C) films to form prototypical humidity sensors. The sensing properties of prototypical 

sensors at different temperature, humidity, direct current (DC), and alternative current (AC) 

voltage were characterized. Linear sensing response of sensors to relative humidity ranging from 

11% to 95% is observed at room temperature. Experimental data indicate that the carbon 

nanosheets based sensors exhibit an excellent reversible behavior and long-term stability. It also 

has higher response than that of the humidity sensor with carbon nanohoneycombs materials.  

In Chapter 5, conducting composite films containing CNTs were prepared by using the 

biopolymer kappa-carrageenan as a dispersant. Films prepared by vacuum filtration exhibited 

higher conductivity compared to those prepared by evaporative casting. All composite films 

displayed sensitivity to water vapour, but MWCNTs films were more sensitive than SWCNTs 

films. 

In Chapter 6, we summarize the present thesis work. Some important issues for further study 

in current research topic are presented. 
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Chapter 2 

Synthesis and characterization techniques 

This chapter provides an overview of the synthesis and characterization techniques which can 

be used to synthesize carbon nanomaterials we installed in our laboratory, including the pulsed 

laser deposition (PLD), direct current/radio frequency (DC/RF) sputtering and hot filament 

chemical/physical vapour deposition (HFCVD/PVD) setups in our laboratory. The contents of this 

chapter include the experimental setups, basic physical processing in different synthesis 

techniques, and general characterization techniques for the study of the morphologic surface, 

chemical compositions and structural, mechanical, electronic and sensing properties of carbon 

nanomaterials.  

2.1 PLD techniques 

Laser was first demonstrated in 1960 by Maiman [1]. Since then it has been developed into a 

powerful tool in many applications [2]. Solid materials can be ablated by pulsed laser and 

deposited onto substrate to form stoichiometric nano-structured thin films ornanostructures, which 

is the so-called pulsed laser deposition (PLD) [3].  

PLD is a thin film deposition technique where a high-power pulsed laser beam is focused 

inside a vacuum chamber to strike a target of the material that is to be deposited. This material is 

vaporized from the target in a plasma plume which deposits it as a thin film on a substrate. This 

process can occur in ultra high vacuum or in the presence of a background gas. [1] 

As shown in Fig. 2.1, the basic-setup of PLD system is simple relative to many other 

deposition techniques. A pulsed laser beam which is focused by a focal lens hits the surface of a 

solid target of known composition (which leads to the instantaneous vaporization of the target 
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materials), and the evaporated materials presented as a glowing plasma plume condenses onto a 

substrate. 

 

    

Fig. 2.1 Schematic of PLD system in our lab. 

 

Fig. 2.2 shows the PLD system we installed in our laboratory for the growth of nanostructures. 

It consists of the following main parts as most of PLD system [4, 5]: 

1) A spherical stainless steel chamber with a target holder, a stable substrate heater (up to 

1200℃) together with a thermocouple and a substrate holder inside the chamber. The substrate is 

placed parallel to the target surface at a variable distance (2 cm- 5 cm). 

2) Target rotation during ablation is necessary. Because after laser ablation, the grooves are 

formed on the surface of target, which results in unstable plasma plume during a long duration 

deposition. The target surface area can be used more effectively for a longer duration without 

groove formation.  

3) Vacuum pump (mechanical pump and turbo pump) to evacuate the chamber; gauges, 

feed-throughs and flux controller for gas flow and pressure control. 

4) Laser system, normally Excimer laser and Nd: YAG laser are used. In our PLD system, 

CO2 laser with a wavelength ~10.6 μm and variable frequencies (1, 5, 10, 12 and 15 Hz) and high 
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voltage (HV1-HV5, 1010V-1130V) is used. 

 

C02 Laser 
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Fig. 2.2 Photograph of the PLD system installed in our lab. 

 

In contrast to the simple setup of PLD system, the physical phenomena of laser-target 

interaction and film growth are very complex. The detailed mechanisms consist of the ablation 

process of the target material by the laser irradiation, the development of a plasma plume with high 

energetic ions, electrons as well as neutrals and the crystalline growth of the film itself on the 

heated substrate. The process of PLD can generally be divided into four stages [1, 5, 6]: 

1) Laser ablation of the target material and creation of a plasma; 

2) Dynamic of the plasma; 

3) Deposition of the ablation material on the substrate; 
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4) Nucleation and growth of the film on the substrate surface. 

Due to the short laser pulsed duration (~10 ns) and the small temporal spread (<10 m s) of the 

ablated materials, PLD has been used successfully to fabricate crystalline thin films with epitaxy 

quality. Ceramic oxide, nitride films, metallic multi-layers, hetero-structures and various 

super-lattices grown by PLD have been demonstrated [7-10]. PLD is extensively recognized as a 

thin film growth technique. However, the fabrication of nanostructures with PLD has been given 

less attention. Actually, one of the major advantages of PLD over the other techniques is that laser 

can ablate target materials over a wide range of pressure, which allows a precise control on 

morphology, size and composition of the fabricated nanostructures. 

 

Fig. 2.3 The typical plasma plume from our PLD system. 

 

Fig. 2.3 shows the typical plasma plume produced during the PLD process. A GSI 

LUMONICS IMPACT SSM CO2 laser (10.6 μm, 5 Hz repetition rate) was used to irradiate the 
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commercial silicon carbide (SiC) target (purity up to 99.99%) at background pressure of 0.02 

mTorr in the chamber. The diameter of the focused spot of the laser beam on the SiC target was ~2 

mm, and the target was rotated at circa 200 rpm. 

2.2 DC/RF sputtering techniques 

Sputtering is a process whereby atoms are ejected from a solid target material due to 

bombardment of the target by energetic particles [11-13]. It only happens when the kinetic energy 

of the incoming particles is much higher than conventional thermal energies (≫ 1 eV). This 

process can lead, during prolonged ion or plasma bombardment of a material, to significant 

erosion of materials, and can thus be harmful. On the other hand, it is commonly utilized for 

thin-film deposition, etching and analytical techniques [11]. 

During the early investigations of some nanomaterials, sputtering including DC sputtering, 

RF magnetron sputtering, and reactive sputtering, is one of the most popular growth techniques 

[12]. Sputtering process [15] is driven by momentum exchange between the energetic ions and 

atoms in the material, due to collisions as shown in Fig. 2.4. The number of atoms ejected from the 

target surface per incident ion is called the sputter yield, which is an important parameter of the 

efficiency of the sputtering process [5, 12, 13]. The sputter yield depends on the energy of the 

incident ions, mass of the ions and target atoms, and binding energy of atoms in the solid target. 

Sputtered atoms ejected from the target have a wide energy distribution, typically up to tens of eV 

(100,000 K). The sputtered ions (typically only a small fraction — order 1% — of the ejected 

particles are ionized) can ballistically fly from the target in straight lines and impact energetically 

on the substrates or vacuum chamber (causing resputtering). Alternatively, at higher gas pressures, 

the ions collide with the gas atoms that act as a moderator and move diffusively, reaching the 

substrates or vacuum chamber wall and condensing after undergoing a random walk. The entire 
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range from high-energy ballistic impact to low-energy thermalized motion is accessible by 

changing the background gas pressure. The sputtering gas is often an inert gas such as argon. For 

efficient momentum transfer, the atomic weight of the sputtering gas should be close to the atomic 

weight of the target, so for sputtering light elements neon is preferable, while for heavy elements 

krypton or xenon are used. Reactive gases can also be used to sputter compounds [16]. In order to 

control the plasma properties (ion/electron density) to achieve the optimum sputtering conditions, 

a variety of techniques are used including magnetic fields and a bias voltage to the target [5]. 

 

Fig. 2.4 Schematic of the sputtering process for nano-materials deposition. 

 

Several additional benefits are derived from the sputter process [13]. Sputtering is done in a 

soft vacuum of 5 to 70 millitorr, pressures obtainable by small, reliable and inexpensive 

mechanical pumps. This eliminates the costly and elaborate high vacuum pump system required in 

evaporative coating. Sputter coating is specific with regard to the amount of coating material 
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needed to achieve a desired coating thickness, and evaporative coating is much more wasteful of 

material; consequently the annual cost of the precious metal or semiconductor used is significantly 

reduced [15]. 

 

Fig. 2.5 Photograph of the top part of our sputtering system. 

 

Shown in Fig. 2.5 is  our sputtering system (2006 HUMMER 8.3, Anatech Ltd, CA) we 

installed in laboratory, which has two magnetron sputtering guns supplied with RF and DC power 

supplies respectively which allows co-sputtering of metallic and insulating materials. Fig. 2.6 

shows the bottom part of our sputtering system, the heating controller is home-made, which 

affords the temperature of substrates varying in 100- 800 ℃. 
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Fig. 2.6 Photograph of the bottom part of our sputtering system. 
 

In our RF/DC magnetron sputtering system, as shown in Fig. 2.7, the sputtering source has 

the unique feature of attaching the target using magnetic force [17]. This is accomplished by 

attaching a magnetically permeable “keeper” to the bottom of the target. This keeper coupling with 

the magnetic field of the sputtering source provides sufficient force to clamp and center the target, 

eliminating the need for complex mechanical clamps. Specially, for non-machinable materials like 

ceramic and oxide materials, a copper backing plate containing a magnetic keeper should be used. 

The target must be bonded to this backing plate and this bond must be able to withstand a 

temperature of 220℃. Fig. 2.7c shows one example of a ZnO target bonded to a copper backing 

plate with a magnetic keeper attached. Fig. 2.7d shows the magnetron sputter gun with the 

target-mounting surface, the vacuum feedthrough, the power connector and the water lines [16] 

(connected to a cooling system to cool down the sputter gun and the target, as shown in Fig. 2.8). 
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Fig. 2.7 Magnetron sputtering gun and configuration of the sputtering source. 
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Fig. 2.8 Cooling system for our sputtering system. 

 

2.3 HFCVD/PVD techniques 

Chemical vapor deposition (CVD) is a chemical process used to produce high-purity, 

high-performance solid materials. The process is often used in the semiconductor industry to 

produce thin films. In typical CVD, the substrate is exposed to one or more volatile precursors, 

which react and/or decompose on the substrate surface to produce the desired deposit. Frequently, 

volatile by-products are also produced, which are removed by gas flow through the reaction 

chamber [18]. 

Many types of CVD are commonly used to deposit thin films. Following are several CVD 

techniques: 

1) Plasma-Enhanced CVD (PECVD): Utilizes plasma to enhance chemical reaction rates of 

the precursors. PECVD processing allows deposition at lower temperatures, which is often critical 
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in the manufacture of semiconductors. The lower temperatures also allow for the deposition of 

organic coatings, such as plasma polymers, that have been used for nanoparticle surface 

functionalization [19]. 

2) Atomic-layer CVD (ALCVD): Deposits successive layers of different substances to 

produce layered, crystalline films. 

3) Combustion Chemical Vapor Deposition (CCVD): CCVD or flame pyrolysis is an 

open-atmosphere, flame-based technique for depositing high-quality thin films and nanomaterials. 

4) Hot-wire CVD (HWCVD): Also known as hot filament CVD (HFCVD), this process uses 

a hot filament to chemically decompose the source gases [20]. 

5) Hybrid Physical-Chemical Vapor Deposition (HPCVD): This process involves both 

chemical decomposition of precursor gas and vaporization of a solid source. 

6) Metalorganic chemical vapor deposition (MOCVD): This CVD process is based on 

metalorganic precursors. 

Fig. 2.9 shows the HFCVD/PVD system we installed in our laboratory for the growth of 

nanostructures in our work. Different tungsten oxide nanostructures can be grown using our 

HFCVD system [21, 22]. The HFPVD technique is a simple technique in which the easily 

available graphite stick (0.5-1.0mm diameter, 15mm length) is used as a precursor to provide a 

carbon source and filament, to replace the tungsten filament in our HFCVD system[21, 22]. 

Variable nanomaterials can be synthesized on different substrates using the HFPVD 

technique at different temperatures and incident angles. A thermocouple is introduced to estimate 

the substrate temperature. No catalyst or other carbon-containing compound precursor will be used. 

Prior to the experiments, the substrates is ultrasonically washed in a methanol solution for 5 min, 

and dried with nitrogen. After placing the substrate, the chamber is pumped down to 2.67 × 10−3 Pa, 
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then fed with Ar gas to ambient pressure, and then pumped down to 2.67 × 10−3 Pa. This process 

will be repeated thrice to keep oxygen out and obtain a good vacuum. A dc power supply 

HY3020E with an electric current of 18A is used to heat the filament to a temperature of up to 

2000 ℃ to promote gas phase activation. The substrate is placed on a holder under the hot filament. 

No extra heater is used to heat the substrate. The temperature of the substrate is controlled by 

simply changing the distance between the substrate and the hot filament. The position of the 

substrate on the holder can be changed to get different incident angles [23].  

 

 

Fig. 2.9 Photograph of the HFCVD/PVD system we installed in lab. 
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        In this thesis work, different carbon nanomaterials were synthesized by using this simple 

HFPVD technique, see chapter 3 and 4 in details. 

2.4 SEM and EDS 

Scanning electron microscope (SEM) is a type of electron microscope that produces images 

of a sample by scanning it with a focused beam of high-energy electrons to generate a variety of 

signals at the surface of solid specimens. The electrons interact with atoms in the sample, 

producing various signals that can be detected and that contain information about the sample's 

surface topography and composition. The electron beam is generally scanned in a raster scan 

pattern, and the beam's position is combined with the detected signal to produce an image. SEM 

can achieve resolution better than 1 nanometer [24]. SEM is also capable of performing analyses 

of selected point locations on the sample. This approach is especially useful in qualitatively or 

semi-quantitatively determining chemical compositions using EDS [25].  

In a typical SEM electrons are thermionically emitted from a tungsten or lanthanum 

hexaboride (LaB6) cathode and are accelerated towards and anode; alternatively, electrons can be 

emitted via field emission (FE). The electron beam, which typically has an energy ranging from a 

few hundred eV to 100 keV, is focused by one or two condenser lenses into a beam with a very fine 

local spot. The beam then passes through pairs of scanning coils or pairs of deflector plates. The 

objective lens deflects the beam horizontally and vertically so that it scans in a raster fashion over 

a rectangular area of the sample surface. When the primary electron beam interacts with the 

sample, the electrons lose energy by repeated scattering and absorption within a teardrop-shaped 

volume of the specimen known as the interaction volume, which extends from less than 100 nm to 

around 5 μm into the surface. The size of the interaction volume depends on the electrons’ landing 

energy, the atomic number of the specimen and the specimen’s density. The energy exchanges 
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between the electron beam and the sample results in the emission of electrons and electromagnetic 

radiation, which can be detected to produce an image. The most common imaging mode monitors 

low energy (<50 eV) secondary electrons. Due to their low energy, these electrons originate within 

a few nanometers from the surface. The electrons are detected by a scintillator-photomultiplier 

device and the resulting signal is rendered into a two-dimensional intensity distribution that can be 

viewed as an image. The brightness of the signal depends on the number of secondary electrons 

reaching the detector. Besides secondary electrons, back-scattered electrons are also produced 

when the electron beam interacts with the sample. The back-scattered electrons consist of high 

energy electrons originating in the electron beam that are reflected or back-scattered out of the 

specimen interaction volume. Back-scattered electrons may be used to detect contrast between 

areas with different chemical compositions, since the brightness of the back-scattered electron 

(BSE) image tend to increase with the atomic number [26, 27]. 

SEM has many advantages over traditional microscopes. It has a large depth of field, which 

allows more than a specimen to be in focus at one time. SEM also has much higher resolution, so 

closely spaced specimens can be magnified at much higher levels. Because the SEM uses 

electromagnets rather than lenses, the researcher has much more control in the degree of 

magnification. All of these advantages, as well as the actual strikingly clear images, make SEM 

one of the most useful instruments in research today [28]. Shown in Fig. 2.10 is a JEOL 

JSM-7500F field emission Scanning electron microscope (FESEM) in our university, one of SEM 

instrument we used in this work. 
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Fig. 2.10 JEOL JSM-7500F FESEM in our university. 
 

2.5 TEM 

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of 

electrons is transmitted through a thin specimen, interacting with the specimen as it passes through 

it. Electrons are usually generated in an electron microscope by thermionic emission from a 

filament, in this case LaB6, or by field emission. The stream of electrons is focused to a small, thin, 

coherent beam by the use of two condenser lenses. The first lens largely determines the spot size, 

which is the general size range of the final spot that strikes the sample. The second lens actually 
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changes the size of the spot on the sample changing it from a wide dispersed spot to a pinpoint 

beam. The beam is restricted by the condenser aperture knocking out high angle electrons which 

then strikes the specimen where parts of it are transmitted. Depending on the density of the 

material present, some of the electrons are scattered (elastically or inelastically) and disappear 

from the beam. The transmitted portion of the beam (unscattered electrons) is focused by the 

objective lens into an image. The image is passed down the column through the intermediate and 

projector lenses, being enlarged all the way. The image strikes down the phosphor image screen 

and light is generated, allowing the user to see the image [26, 29]. Shown in Fig. 2.11 is a typical 

TEM instrument. 

TEMs are capable of imaging at a significantly higher resolution than light microscopes, 

owing to the small de Broglie wavelength (or matter wavelength) of electrons. This enables the 

instrument's user to examine fine detail—even as small as a single column of atoms, which is 

thousands of times smaller than the smallest resolvable object in a light microscope.  

At smaller magnifications TEM image contrast is due to absorption of electrons in the 

material, due to the thickness and composition of the material. At higher magnifications complex 

wave interactions modulate the intensity of the image, requiring expert analysis of observed 

images. Alternate modes of use allow for the TEM to observe modulations in chemical identity, 

crystal orientation, electronic structure and sample induced electron phase shift as well as the 

regular absorption based imaging. [30] 
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Fig. 2.11 Photograph of a typical TEM instrument. 
 

2.6 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique used to investigate vibrational, rotational, 

and other low frequency modes in a system [31]. It relies on inelastic scattering, or Raman 

scattering of monochromatic light, usually from a laser in the visible, near infrared, or near 

ultraviolet range [32, 33]. The laser light interacts with phonons in the system, resulting in the 

energy of the laser photons being shifted up or down. The shift in energy gives information about 

the phonon modes in the system. The energy difference between the initial and final vibrational 

levels, ν, or Raman shift in wave numbers (cm-1) is given by: incident scattered  

ν =  1/λincident - 1/λscattered  

in which λincident and λscattered are the wavelengths (in cm) of the incident and Raman scattered 

photons, respectively. The Raman effects occur when light impinges upon a molecule or solid and 

interacts with the electron cloud of the bonds of the material. The incident photon excites one of 

the electrons into a virtual state. For the spontaneous Raman effects, the molecule or solid will be 
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excited from the ground state to a virtual energy state, and relax into a vibrational excited state, 

which generates Stokes Raman scattering. If the molecule or solid was already in an elevated 

vibrational energy state, the Raman scattering is then called anti-Stokes Raman scattering. The 

atoms in a Raman active molecule or solid will vibrate or oscillate about their normal positions 

with certain frequency. This type of vibration is called a normal mode of vibration. Solids and 

polyatomic molecules have more than one normal modes of vibration, each with their 

characteristic frequency. In solids this vibrations are called phonons. A polarizability change or 

amount of deformation of the electron cloud, with respect to the vibrational coordinate is required 

for the molecule or solid to exhibit the Raman effects. The amount of the polarizability change will 

determine the intensity, whereas the Raman shift is equal to the vibrational level that is involved. 

Typically, in Raman spectroscopy, the sample will be illuminated with a laser beam. Light from the 

illuminated spot of the sample is collected with a lens and sent through a monochromator. 

Wavelengths close to the laser line, due to elastic Rayleigh scattering, are filtered out while the rest 

of the collected light is dispersed into a detector. However, spontaneous Raman scattering is 

inefficient and usually very weak and as a result the main difficulty is separating the weak 

inelastically scattered light from the intense Rayleigh scattered laser light. Raman spectrometers 

typically use holographic diffraction gratings and multiple dispersion stages to achieve a high 

degree of laser rejection [32, 33]. Modern instrumentation almost universally employs notch or 

edge filters for laser rejection and spectrographs either AT (axial transmissive), CT 

(Czerny-Turner) monochromator, or FT (Fourier transform spectroscopy based), and CCD 

(Charge Coupled Device) detectors [31]. Fig. 2.12 shows a high-resolution Jobin-Yvon T-64000 

Triple-mate Raman instrument. Our Raman measurements in this work are achieved using this 

system with an excitation wavelength of 514.5 nm (Ar+ ion laser). A liquid nitrogen cooled 
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charge-coupled device system was used to collect and process the scattered data. 

 

 

Fig. 2.12 A Jobin-Yvon T-64000 Triple-mate Raman instrument. 

 

2.7 Field emission 

Field emission, the emission of electrons from the surface of a conductor, caused by a strong 

electric field, also called Cold Emission [34] or Field Electron Emission [35]. Discharge of 

electrons from the surface of a material subjected to a strong electric field. In the absence of a 

strong electric field, an electron must acquire a certain minimum energy, called the work function, 

to escape through the surface of a given material, which acts as a barrier to electron passage. If the 

material is placed in an electric circuit that renders it strongly negative with respect to a nearby 

positive electrode, the work function is so lowered that some electrons will have sufficient energy 

to leak through the surface barrier. The resulting current of electrons through the surface of a 

material under the influence of a strong electric field is called field emission [34].  
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Fig.2.13 Illustration of field electron emission from a tip [36].  

 

The electron field emission is a quantum-mechanical tunneling of electrons through the 

surface potential barrier into the vacuum upon the application of sufficiently high electric fields 

(107-108 V/cm) normal to the surface of metal, or semi-conducting. In practical terms, this means 

approximately 1000-10000 KV, for an anode-cathode separation of 1 mm. However, if the cathode 

surface has a high point as shown in Fig. 2.13, electrons may be extracted at a considerably lower 

applied gap field. This is because the lines of force converge at the sharp point and the physical 

geometry of the tip provides a field enhancement [36].  

According to the Fowler–Nordheim (FN) theory, the field emission current density J 

(emission current I /emission area A) can be expressed as a function of the work function of the 

emission tip Φ and the local electric fields Elocal. The FN equation [23, 35] is 

J = A(Elocal)2/Φ exp(−BΦ3/2/Elocal)  

where A and B are constants and their values are 1.54 ×10−6 A eV V−2 and 6.83 × 103 eV−2/3 V μm−1, 

respectively. The local field Elocal is related to the macroscopic applied electric field E by a 

dimensionless geometrical enhancement factor β [37, 38] as  
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Elocal=βE 

The value of β has been determined form the slope of the FN plot using the relation [39]  

β= BΦ1.5d/Slope 

where d is the distance of the anode from the emitting surface. The enhancement factor β was 

derived from the slope of the graph by assuming that the work function of the carbon 

nanostructures was the same as that of graphite (~5 eV).  

According to above equations, the emission current is strongly dependent on the following 

three factors: (1) the work function of the emitter surface, (2) the radius of curvature of the emitter 

apex and (3) the emission area. It is clear that at a specific field, lower work function materials can 

produce higher electron emission current. However, not all low work function materials are ideal 

for construction of filed emission cathodes. For some materials, such as cesium or cesium coated 

cathodes, the stable emission and long lifetime will be an obstacle [36].  

2.8 Sensing properties measurements 

While the sensitivity of the electronic properties of carbon nanomaterials to the surrounding 

environment poses challenges in some applications, it offers a distinct advantage for sensors [40]. 

Their unique electrical, optical and mechanical properties make them very interesting for 

developing the new generation of miniaturised, low-power, ubiquitous sensors [41]. For more than 

a decade, carbon nanomaterials have been used to sense a variety of analytes including gases, 

solvents, biomolecules [40] and humidity [42, 43]. In the particular case of gas sensing, some 

carbon nanomaterials such as nanofibres, nanotubes and graphene are threatening the dominance 

position of other well established nanomaterials, yet the commercial exploitation of carbon 

nanomaterials is still a way off [41]. 

All sensors normally need to be tested and calibrated before applications. There are many 
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different types of equipment, which can be used for calibration of the sensors. We designed and 

fabricated a novel compact calibration system in our laboratory to calibrate gas, thermal and 

humidity sensors [44]. 

 

Fig. 2.14 Images of gas and thermal sensor calibration system [44].  

 

Fig. 2.14 shows the images of the calibration system taken from external view (Fig. 2.14a) 

and internal view (Fig. 2.14b). Besides thermocouple, heater, a voltage-current-resistor (V-I-R) 

electrical circuit, gas flow controller, it also includes a plasma beam source for treatment of the 

surface of the sensor device. Several windows are also installed and used for analyzing plasma 

dynamics. Complementary plasma diagnostic tools, such as plasma spectroscopic diagnostics, are 

used to characterize the reactive species. The results obtained are used for optimizing calibration. 

It is a cheap, compact, and easily adjustable apparatus. All parameters, such as operating 

temperature, bias voltage, type of plasma source (for surface modification), types of gases, and gas 

flow rate (for calibrations), can be independently controlled. 
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Fig. 2.15 A schematic diagram for static and dynamic characterizations of sensors. 
 

Fig. 2.15 shows the schematic diagram of the system for the static and dynamic calibrations. 

Basically, measurement of sensor properties includes sensitivity/resistance: Rs, response time tresp 

and recovery time trec. Two conductive rings installed at two ends of sensing material were 

connected to a precise resistor Rprecise and power supply (Stanford Research Systems PS350) Vpower 

supply with step voltage, respectively. Tungsten filament has been used as a heater that was installed 

for controlling operating temperature. The stability of temperature is ±5 ℃. The step voltage was 

provided by Keithley 6517 A electrometer, and the response signal was indicated by the same 

equipment as well. In order to reduce error, each data point during electronic measurements is the 
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average of 8 measurements taken 250 ms apart. 

In the case of dynamic calibration of response and recovery times of the sensor, a pulse of 

supersonic gas beam has been installed that is created using a commercial pulse driver from Parker 

Hannifin Corporation and the response signal Vprecise is captured and collected by WaveSurfer 452 

oscilloscope from LeCroy as shown in Fig. 2.15b [44, 45].  
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Chapter 3 

Synthesis and characterization of carbon micro- and nanorods  

In this chapter, tilted well-aligned carbon micro- and nano- hybrid rods were synthesized on 

Si at different substrate temperatures and incident angles of carbon source beam using the hot 

filament physical vapour deposition technique. The morphologic surfaces and bond structures of 

the oblique carbon rod-like structures were investigated by scanning electron microscopy, field 

emission scanning electron microscopy, transmission electron diffraction and Raman scattering 

spectroscopy. The field emission behaviour of the fabricated samples was also measured. 

3.1 Introduction 

One-dimensional carbon nanostructures (such as nanocones, nanotubes, nanoprisms and 

nanorods) have been widely studied as the next-generation cold cathodes candidates in field 

emission (FE) displays due to their unique electrical, chemical and mechanical properties [1–5]. A 

large number of carbon nanostructures have been obtained based on various techniques, including 

catalyst assisted solid-state growth process [6], reactive plasma beam sputtering [7], pulsed laser 

deposition (PLD) techniques [8, 9], electron beam induced deposition [10, 11], chemical vapor 

deposition (CVD) [12, 13], catalytic copyrolysis process [14] and 

benzene-thermal-reduction-catalysis route [15], etc. Recently, one-dimensional tilted nanorods are 

attracting noticeable research interest due to their inherent anisotropic nature with the tilted 

geometry. Ye et al prepared tilted Si nanorod arrays using a two-phase substrate rotation method 

with the oblique angle deposition technique, with which they produced nanorods with a 

controllable tilt angle [16]. We synthesized one-dimensional carbon tilted nanorods by using the 

catalyst-assisted oblique angle PLD technique [17]. However, these methods are limited by the 



 62 

complicated fabrication process. So far, there is little information available for the synthesis of one 

dimensional tilted carbon microrods and nanorods. 

In this work, we address a simple approach for synthesizing well aligned one-dimensional 

tilted micro- and nanorods hybrid carbon structure by hot filament physical vapor deposition 

(HFPVD) technique. The growth process has two remarkable features: firstly, this method can 

produce uniformly tilted carbon micro- and nanorods with a controllable angle; secondly, the 

experimental setup is simple and cost effective which satisfies the requirements of commercial 

applications. 

3.2 Experimental setup 

One-dimensional slanted carbon micro- and nanorods were synthesized on Si substrates using 

a simple HFPVD technique under different temperatures and incident angles. The easily-get 

graphite stick (0.7mm diameter, 15mm length) was used as a precursor to provide carbon source 

and filament, to replace the tungsten filament in our CVD system described elsewhere [18-20]. A 

thermocouple was introduced to estimate the substrate temperature. No catalyst or other 

carbon-containing compound precursor was used. Prior to the experiments, the substrates were 

ultrasonically washed in the methanol solution for 5mins, and dried with nitrogen. After placing 

the substrate, the chamber was pumped down to 2.67×10−3Pa, then fed with Ar gas to ambient 

pressure, and then pumped down to 2.67×10−3Pa. Repeated this process 3 times to keep oxygen out 

and obtain a good vacuum. A dc power supply HY3020E with an electric current of 18A was used 

to heat the filament to a temperature of up to 2000℃ to promote gas phase activation. The 

substrates were placed on a holder under the hot filament. No extra heater was used to heat the 

substrate. The temperature of the substrate was controlled by simply changing the distance 

between the substrate and the hot filament. The position of substrate on the holder can be changed 
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to get different incident angle. The deposition duration was 30 min for all the samples. 

The morphologic surface, chemical composition and bond structure of obtained samples were 

investigated by scanning electron microscopy (SEM) at 20kV, field emission scanning electron 

microscopy (FESEM) at 15kV, transmission electron diffraction (TED) at 15kV, and Raman 

scattering spectroscopy, respectively.  

The FE measurements were carried out in a vacuum chamber at a pressure of 4.0×10−5Pa at 

room temperature. A molybdenum rod of 3 mm diameter (area: 0.071cm2) serves as the anode. The 

macroscopic surface electric field (ES) on the sample (i.e. cathode) is estimated by ES = V/dCA, 

where V is the voltage applied to the anode and dCA (100 ± 2μm) is the distance between the anode 

and the cathode. The current was detected using a KEITHLEY 6517A electrometer. The power 

supply was a Stanford Research Systems PS350. A detailed description of the FE measurement 

techniques can be found in our previous papers [18, 21]. 

3.3 Characterization of carbon micro- and nano- hybrid rods 

Fig. 3.1 shows typical SEM images of the synthesized carbon samples (a, b, c) on Si 

substrates at temperature of (a) 800, (b) 900, (c) 1000℃, respectively. The insets are the cross 

section measured by JEOL JSM-7500F FESEM. The thickness of the samples is about 13.0 μm, 

19.2 μm, 25.3 μm, respectively. Tail-like microrods with different sizes were observed for the 

samples under different substrate temperatures, but otherwise identical growth conditions. At 800

℃, the oblique rods with the angle of ~58◦ to the normal of the substrate have a length of 22.0-24.5 

μm and diameter 0.6-0.7 μm for their beginning part, and gradually increasing to 1.0-1.5 μm for 

the end part, which consist of plume- and bud-like structures. Raising substrate temperature to 900 

and 1000℃, similar structures but with larger size were obtained. The rod length was 34.0-36.5 
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μm and 44.0-47.0 μm, the beginning part diameter was 0.65-0.75 μm and 0.7-1.0 μm, then the 

diameter gradually increased to 2.0-3.5 μm and 3.0-4.5 μm, respectively. 

 

Fig. 3.1 SEM images of the carbon rod structure synthesized at different temperatures of (a) 800
℃, (b) 900℃, (c) 1000℃ and the corresponding cross sections (insets). The scale bars are 
1 μm for (a) and (b), 10 μm for (c) (5 μm in the insets). 

 

Schematic growth mechanisms illustrated in Fig. 3.2 were proposed to explain the different 

growth modes for tail-like carbon microrods prepared by HFPVD technique. Fig. 3.2a is the sketch 

of the carbon stick filament connected to the copper electrodes, dv and dh is the vertical and 

horizontal distance between the filament and substrate, respectively, α is the carbon source 

incident angle to the normal of substrate. The detailed parameters and data of fabricated samples 

are shown in table 3.1. Fig. 3.2 b demonstrates the growth process of the tail-like micro- and nano- 

hybrid carbon rods. α' is the real angle of the rod to the normal. 

 

Fig. 3.2 Schematic illustration of (a) carbon filament and electrodes, (b) growth processes of tilted 
micro- and nano- hybrid carbon rods. 

 



 65 

Table 3.1 Basic parameters 

Sample dv 
(mm) 

dh 
(mm) 

d=√(dv
2+ dh

2) 
(mm) 

Substrate 
Temperature(℃) 

α 
(◦) α' (◦) Thickness 

(μm) 
Length 
(μm) 

Beginning 
part dia. (μm) 

End dia. 
(μm) 

a 3.0 5.2 6.0 800 60 58.30 13.0 22.0-24.5 0.6-0.7 1.0-1.5 
b 2.5 4.3 5.0 900 60 58.13 19.2 34.0-36.5 0.65-0.75 2.0-3.5 
c 2.0 3.4 4.0 1000 60 57.68 25.3 44.0-47.0 0.7-1.0 3.0-4.5 
d 3.5 7.5 8.3 600 65 60.22 5.5 10.9-11.1 0.35-0.5 0.8-1.0 
e 2.8 7.8 8.3 600 70 61.35 4.6 8.9-9.6 0.38-0.6 0.6-1.1 
f 2.1 8.0 8.3 600 75 62.46 3.9 8.2-8.5 0.3-0.5 0.6-0.9 
g 1.4 8.2 8.3 600 80 63.54 3.3 6.9-7.4 0.35-0.45 0.5-0.9 

 

Van der Drift model can be used to interpret the case of carbon rods as shown in Fig. 3.2b. 

Random orientation nuclei were developed on the substrate at the initial stage of deposition (Fig. 

3.2b1) yields a geometric shadow region [22, 23] where the subsequent incident flux cannot reach. 

Consequently, the oblique incident plasma flux is preferentially deposited on to the top of surface 

features, thus nanorods are formed (Fig. 3.2b2). With continued deposition, parts of rod grow up 

continuously to micro size, but others (shadow area) do not change, as shown in Fig. 3.2b3. Shown 

in Fig. 3.2b4 is the final stage of deposition process that the tail-like microrods are developed. The 

sample surface has larger density than interior due to the larger size of the upper part than that of 

the beginning part. 

Raman scattering spectra of the micro- and nanostructured carbon samples were also 

obtained at room temperature by using a high resolution Jobin-Yvon T-64000 Triple-mate 

instrument with an excitation wavelength of 514.5 nm (Ar+ ion laser). A liquid nitrogen cooled 

charge-coupled device system was used to collect and process the scattered data. 

Fig. 3.3 shows the Raman spectra of the carbon samples a, b, c, respectively. Characteristic 

graphite peaks are identified in the Raman spectra between 1000 and 2000 cm−1. The one at around 

1345 cm−1 (1344, 1341, 1345 cm−1, respectively) called D peak is associated with 

disorder-allowed zone edge modes of graphite that became Raman active due to the lack of 

long-range order in amorphous carbon-based materials. The G peak at around 1590 cm−1 (1587, 
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1594, 1602 cm−1, respectively) corresponds to the G line associated with the optically allowed 

E2g-zone centre of crystalline graphite [24]. 
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Fig. 3.3 Raman spectra of (a) sample a, (b) sample b, (c) sample c. 

 

It is also noted that the Raman signal ratio ID/IG increases from 1.06 to 1.45 following the 

substrate temperature from 800 to 1000℃. Higher temperature may lead to more vaporific 

impurity from residue gas or contamination into the sample, which results in increased disorder. 

Similar phenomenon has been reported by other researchers [17, 21, 25]. 

The electrical properties of the samples a, b, c were investigated using a FE measurement 

system. Fig. 3.4 shows the field emission currents from the samples. The current density-electric 

field curve was obtained by recording each data point for 8 times with 250 ms apart in order to 

reduce errors. In this work, electric current lower than 1×10−10 A was considered as the 

background noise level. The turn-on field (Et) is defined as the electric field necessary to emit 1 nA 

current. The Et of this three samples was 9.1 V/μm (sample a), 5.8 V/μm (sample b) and 0.4 V/μm 

(sample c). It should be mentioned that because of the effect of the Si substrate and the SiO2 on its 

surface, the actual Et value should be lower than what we measured. We repeated the FE 
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measurement several times and the results showed a good consistency. The tail-like carbon rods 

deposited at 1000℃ has higher current density and lower turn-on field than others. These results 

clearly indicate that the FE characteristics of the samples are obviously improved under higher 

substrate temperature during the deposition process. 

 

 

Fig. 3.4 I–V characteristics and FN plots (the inset) of samples a–c. 

 

According to the Fowler–Nordheim (FN) theory, the field emission current density J 

(emission current I /emission area A) can be expressed as a function of the work function of the 

emission tip Φ, the applied electric fields E and the field enhancement factor β [10, 26, 27]. The 

FN equation is 

J = A(βE)2/Φ exp (−BΦ3/2/βE) 

where A and B are constants and their values are 1.54×10−6 A(eV)(V)-2 and 6.83×103 

(eV)-2/3Vμm-1, respectively. The inset of Fig. 3.4 shows FN plots of the samples a, b, c. The fitted 

linear lines in the high voltage region indicate that electron emission follows the tunnelling 

mechanism, and from the slope of the fitted lines, the tail-like carbon micro- and nanorods hybrid 
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structure at 1000℃ exhibits a higher value of field enhancement factor (β) than the other two 

samples shown in Fig. 3.4 [28]. Higher temperature yields higher density of the carbon rods with 

plume-like structures that consists of many small tips. The distances between different tips are 

~50-100 nm, which means each tip would emit electronics in FE measurement. Consequently, the 

sample deposited at higher substrate temperature shows better FE performance. It can also be 

found that the FE characteristics of the carbon samples were enhanced together with the increase in 

the Raman signal ratio ID/IG [25] from 1.06 to 1.45 shown in Fig. 3.4. 

 

Fig. 3.5 (a)–(d) SEM images of carbon rod structure grown at 600℃ with different incident angles.  
(c1) Magnified SEM image of the selected area in (c). (c2) High-magnification FESEM 
image of the shadowed area in (c). (e), (f ) Low-magnification FESEM images of samples e 
and f. The scale bars are (a)–(d) 1μm (2μm in the insets), (c1) 0.5μm, (c2) 100 nm, (e) 2μm, 
(f ) 10μm. 

 

In order to further study the effect of incident angle of carbon source on sample structure, 

additional four experiments have been conducted and the basic parameters for obtained four 

samples (d, e, f, g) are listed in Table 3.1. Fig. 3.5 shows SEM and FESEM images of carbon rods 

structures grown at 600℃ with different incident angle. The insets are FESEM images of their 

cross sections. Large-area uniformed tail-like microrods, which have an average length of 6.9-11.1 

μm and diameters 0.3-0.6 μm and 0.6-1.2 μm for the beginning part and the end part, hybridized 
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with some 130-150 nm length, 25-35 nm diameter nanorods (Fig. 3.5c2) were found in the four 

samples.  

The density of the microrods decreases with an increase of the incident angle. Fig. 3.5c1 

shows the magnified SEM image of the selected area in sample f (Fig. 3.5c) where the micro- and 

nanorods hybrid structure is clearly visible. Fig. 3.5c2 shows a shadow area with slant carbon 

nanorods structure. It is inferred that well-aligned carbon nanorods might be synthesized by 

controlling deposition duration and introducing inert gas to slow down the deposition rate. 

Fig. 3.5e and Fig. 3.5f show the lower magnification FESEM images of sample e and f, 

respectively, which confirms the large-area uniform rod-like structure.  

 

Fig. 3.6 TED BF images from sample f. The scale bars are 100 nm for (a), (b) and inset. 

 

Fig. 3.6 shows the TED bright field (BF) images of single rods from the sample f. Shown in 

Fig. 3.6a is a plume-like structure with average diameter of 160 nm and length of 1.4 μm, which 

makes up the tail-like rod. Fig. 3.6b shows part of a tail-like rod from the sample f with a length of 

3.4 μm and diameter of 0.4-0.6 μm, the inset is its enlarged image of the marked area. The 

experimental data provide direct evidence that each carbon rod has very coarse surface, 
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consequently, having extremely high surface area, which is definitely important for hydrogen 

storage application [29, 30]. 

3.4 Conclusion 

In summary, we have demonstrated a simple route for synthesizing well aligned carbon 

micro- and nano- hybrid rod-like structures by using hot filament physical vapor deposition 

technique. The SEM images exhibit that micro-sized rods with different diameters are obtained for 

different substrate temperatures. The oblique angle and the density of the fabricated carbon rods 

are influenced by the incident angle of carbon source beam. The carbon nanorods with diameter of 

25-35 nm are also obtained at the shadow areas. The turn-on field Et of samples a, b, c is 9.1 V/μm, 

5.8 V/μm and 0.4 V/μm. The field enhancement factor β increases following the increasing of 

substrate temperature from 800 to 1000℃ which is in accord with the Raman signal ratio ID/IG. 

In this chapter, we studied the application of carbon nanorods on field emission. In the 

following chapters, we are going to investigate some other applications of various carbon 

nanomaterials. 
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Chapter 4 

Fabrication and characterization of carbon films for humidity sensors 

In this chapter, carbon nanosheets and nanohoneycombs were synthesized on Si (100) 

substrates using a hot filament physical vapor deposition technique under methane ambient and 

vacuum, respectively. The four-point Au electrodes are then sputtered on the surface of the 

nanostructured carbon (n-C) films to form prototypical humidity sensors.  

The sensing properties of prototypical sensors at different temperature, humidity, direct 

current (DC), and alternative current (AC) voltage were characterized. Linear sensing response of 

sensors to relative humidity ranging from 11% to 95% is observed at room temperature. 

Experimental data indicate that the carbon nanosheets based sensors exhibit an excellent reversible 

behavior and long-term stability. It also has higher response than that of the humidity sensor with 

carbon nanohoneycombs materials.  

4.1 Introduction 

Humidity sensors are widely used in industry and agriculture such as air conditioning systems, 

food quality monitoring, meteorology and medical equipment. Commercial sensors are mostly 

based on metal oxides [1, 2], porous silicon [3-6] and polymers [7, 8]. In these materials the 

adsorption of water vapor drastically changes the electrical properties, such as resistivity and 

capacity, of the device. Recently, carbon films have attracted great attention for their potential 

applications in the humidity sensors because of their large sensing area and high chemical 

inertness [9-11]. 

Various structures of electrodes have been proposed for the sensor systems. Traditionally, the 

humidity signals obtained using a sensor with two-electrode techniques are affected by 
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polarization effect. This is because of the migration of some electrons from the metal probe into 

the conductive samples. As a result, positive charges in the samples migrate towards the metallic 

probe, creating a cation layer between the metallic probe and the samples. For nanostructured 

carbon (n-C) based humidity sensor, the polarization effect frequently occurs under direct current 

(DC) circuit due to the existence of physisorption of water when relative humidity (RH) is high 

enough [12, 13]. Polarization effect could be caused by the migration of the H+ ions into the 

metallic probe because H+ ions appear in the physisorbed absorbed water [14-16]. To avoid or 

reduce this effect, four-point probes are commonly used [17, 18]. The voltage is measured on the 

inner electrodes without polarization effects because no current flows in the measuring circuit.  

In this work we have demonstrated simple, fast response, and high sensitive resistive-type 

n-C based humidity sensors. The films are produced by a hot filament physical vapor deposition 

(HFPVD) method on Si (100) substrates with a SiO2 buffer layer. The newly designed humidity 

sensors consist of n-C sensing elements combined with four-point electrodes. The sensing 

properties are characterized, and humidity sensing mechanism is discussed. What’s more, 

comparisons of sensing properties of the sensors in the DC and alternative current (AC) circuits are 

also presented. 

4.2 Experimental details  

4.2.1 Preparation and characterization of the carbon nanomaterials 

n-C films were synthesized on Si (100) substrates with an area of 10 mm×10 mm using a 

HFPVD technique in methane ambient (57.5 Pa) and vacuum, respectively. The easily-get graphite 

stick (0.7 mm diameter, 15 mm length) was used as a precursor to provide carbon source and 

filament, to replace the tungsten filament in the system described elsewhere in our previous 
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publications [19, 20]. No catalyst was used. After placing Si substrates, the chamber was pumped 

down to 2.67×10−3 Pa, following feeding Ar gas up to ambient pressure, it was then pumped down 

to 2.67×10−3 Pa again. Repeated this process 3 times to keep oxygen out and obtain a good vacuum. 

A DC power supply HY3020E with an electric current of 18 A was used to heat the graphite stick 

to a temperature up to 2000℃ to promote gas phase activation. The substrates were placed on a 

holder under the hot graphite stick. No an extra heater was used to heat the substrates. The 

deposition duration for each sample was 30 min. 

The morphologies and chemical contents of n-C were characterized by Field Emission 

Scanning Electron Microscope (FESEM) and Energy-Dispersive X-ray Spectroscopy (EDS). 

Micro Raman scattering was performed using a Jobin-Yvon T64000 Triple-mate system with the 

radiation of 514.5 nm from a coherent argon ion laser and a liquid nitrogen cooled charge coupled 

device was used to collect and process the scattered data.  

4.2.2 Preparation of sensor electrodes 

After deposition of the n-C sensing materials, a four-point configuration of Au electrodes 

marked as 1, 2, 3 and 4 were sputtered onto the surface of as-deposited n-C sensing materials using 

properly desired mask. Each electrode was controlled in the thickness of 30 nm, width of 1 mm, 

length of 1 cm that is separated (center-to-center) by 2 mm. The illustration of the sensor is 

schematically shown in Fig. 4.1. Current is supplied via the outer electrodes 1 and 4. The voltage is 

measured across the inner electrodes 2 and 3. The contact for the Au electrodes with silver wires 

was made by silver paste.  
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Fig. 4.1 Schematic illustration of four-point electrodes measurement of resistance between 

electrodes 2 and 3. 

 

4.2.3 Measurement of sensing properties 

Fig. 4.2 depicts a schematic diagram of the facility aiming at the charactering resistive-type 

humidity sensors. It consists of a stainless steel chamber with a volume of 1 L, pipelines and 

valves to transfer and control gases RH inside the test chamber, a dryer device to dry the sensors, 

an electrical circuit (marked as A) connected a DC (or AC) power supply with outer electrodes to 

offer current and a meter to measure the current flows in the circuit, and another electrical circuit 

(marked as B) to measure the voltage drop. The desired level of humidity was regulated by mixing 

different percentages of humid air and dry air, and the humidity was measured by a standard 

hydrothermal meter. The humidity response of the sensors was probed by monitoring the variation 

of the resistance of the sensors (the part between electrodes 2 and 3) in different RH environments, 

which was estimated based on the measurement of the electrical signals of the two testing circuits, 

according to the Ohm’s law: I
VR  , where the R , V  and I are the resistance, voltage drop and 
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the current flow of the n-C based sensors, respectively. Unless otherwise stated, the whole system 

was maintained at room temperature around 25 C0 during measurements with a homogeneous 

pressure distribution inside the chamber.  

 

 

Fig. 4.2 A schematic diagram of device assembly. 

 



 78 

4.3 Results and discussions 

4.3.1 Characterizations of the carbon nanostructure 

 

Fig. 4.3 FESEM images of carbon nanostrutcture grown (a) under methane and (b) in vacuum. 
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Fig. 4.3 shows the FESEM images of n-C films grown under methane (57.5 Pa) and in 

vacuum, respectively. The presence of nanoparticles on the surfaces of carbon nanosheets can be 

observed in the sample grown under methane, as shown in Fig. 4.3a. The average size of the 

particles is about 80 nm. These nanoparticles can be regarded as the sites that enhance the 

adsorption of water vapor molecules. For the sample grown in vacuum, vertically and 

well-organized nanohoneycomb structures are obtained (Fig. 4.3b). The thickness of the two 

samples is 550 and 210 nm, respectively. 

 

Table 4.1 EDS data of the two samples 

Element 
Nanosheets 

(Atomic %) 

Nanohoneycombs 

(Atomic %) 

C K 53.08 38.09 

O K 7.94 9.25 

Si K 38.73 52.46 

Fe K 0.09 0.07 

Sn L 0.16 0.13 

 
 

Table 4.1 lists the EDS data of the obtained n-C films. Besides the C element and Si (from 

substrate and SiO2 buffer layer), O elements (from SiO2 buffer layer and adsorbed by sample 

surface), a small quantity of Sn and Fe are also emerged. This may be due to the contamination of 

chamber or impurity of carbon source. The existence of the metallic elements Sn and Fe makes the 

synthesized samples to be p-type semiconductors, which is in accordance with previous reports 

[21, 22]. 
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Fig. 4.4 Raman spectra of carbon nanosheets and nanohoneycombs. 

 

Fig. 4.4 shows the Raman spectra of the carbon nanosheets and nanohoneycombs, 

respectively. Characteristic graphite peaks are identified in the Raman spectra between 1000 and 

2800 cm−1. The one at around 1350 cm−1, which is called D peak, has been attributed to dislocation 

defects in the graphite [23]. It is associated with disorder-allowed zone edge modes of graphite that 

became Raman active due to the lack of long-range order in amorphous carbon based materials 

[24]. The G peak at around 1596 cm−1 corresponds to the G line associated with the optically 

allowed E2g-zone centre of crystalline graphite [24]. The Raman signal ratio ID/IG is 1.198 and 

1.016 for carbon nanosheets and nanohoneycombs, respectively. It suggests that the carbon 

nanosheets have higher defects, which could also serve as water adsorption sites, than the carbon 

nanohoneycombs.  
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4.3.2 Humidity properties of the two n-C films based sensors 

 

Fig. 4.5 Resistance of both sensors against RH during humidification–desiccation processes at 

room temperature. 

 

After characterizations, n-C films based prototypic sensors are fabricated. A chamber was 

employed to provide different humidity levels in incremental steps. Each step was maintained at 

constant parameters till the electrical signals reading reached a steady value. The corresponding 

resistance change versus different humidity was monitored, as shown in Fig. 4.5. The solid lines in 

the figure are corresponding to the water adsorption process (humidification process), while the 

dashed lines indicate the desiccation process, corresponding to the desorption process. It shows 

that the resistance of both n-C films based sensors changes almost linearly with RH. When RH 

increases from 11% to 95%, the resistances of the carbon nanosheets and nanohoneycombs based 

sensors increase 225% and 112%, respectively.  
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The conductivity of p-type semiconductor is determined by holes scattering through the 

material. Usually carbon contains numerous oxygen derivatives on its surface, which makes the 

carbon surface hydrophilic and increases water vapor adsorption [16]. The adsorbed water 

molecules donate electrons to the valence band, therefore decreasing the number of holes and 

increasing the separation between the Fermi level and valence band [21, 25], and then reduce the 

conductivity of the p-type semiconductor. The higher the RH level, the more water molecules are 

adsorbed and more electrons are transferred, which would inevitably lower the holes concentration 

and lead to an increase of resistances of samples with RH.  

The non-coincidence between the loading and unloading curves is known as hysteresis. For a 

perfect sensor device, its loading and unloading curves normally follow the same or almost same 

path. Hysteresis of resistance versus RH in the desiccation process is found in both samples. This 

may be caused by the different amount of water molecules adsorbed on the sensors between the 

humidification process and desiccation process, resulting in the difference in resistance at the 

same RH [26]. The maximum humidity hysteresis is about 3.57% and 6.83% under 50%RH for the 

carbon nanosheets and nanohoneycombs based sensors, respectively. 

The response of sensor to humidity is calculated by the ratio of the resistance change occurred 

in a sample under exposure of the humidity to the original resistance: %100R/)RR(S 00h  , 

where  hR  refers to the resistance at certain humidity and  0R  represents the original resistance of 

the sensors at air of 3%RH.  The obtained sensors show linear response of RH over the range of 

11-95% as shown in Fig. 4.6, where the carbon nanosheets based sensor (~225% at RH 95%) has 

much higher response than that of the carbon nanohoneycombs based sensor(~110% at RH 95%). 

Water molecules could be adsorbed on surface of n-C film because the hydrogen in H2O molecule 

could form a weak bond with one of the surface C atoms [26]. The nanoparticles on the surface of 
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the carbon nanosheets make water molecules adsorb easily. As lots of hydroxyl could be connected 

to the nanoparticles, they could act as sites of adsorption to water molecules. What’s more, the 

improvement in sensing performance may be caused by the defects of the carbon nanosheets, as 

proved by Raman spectrum, which could also offer sites for water molecules adsorption [27, 28]. 

Pati et al. [29] reported that charge could transfer between the adsorbate and the n-C film. A 

quantitative analysis based on Mulliken approach shows a charge transfer of 0.03e− from a single 

H2O molecule to n-C film [25]. The more water molecules can be adsorbed on the surface, the 

more charge transfer happens between the water molecules and n-C. Consequently, the humidity 

sensing characteristics of the carbon nanosheets is better than that of the nanohoneycombs.  

 

 

Fig. 4.6 Humidity sensing properties of carbon nanosheets and nanohoneycombs based sensors. 
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4.3.3 Resistance–temperature characteristic of n-C based sensors 

 

Fig. 4.7 The plot of resistance vs. temperature for carbon nanosheets and nanohoneycombs based 

sensors. 

 

Fig. 4.7 depicts the resistance–temperature behavior of the two n-C films based sensors in air 

(RH is ~50%). The variations of resistances of both samples are strongly dependent on the 

temperature. Resistive values decrease following the increase of temperature. And these decreases 

are comparable with the change arising from the RH, so temperature compensation should be 

made when these films are used at different temperatures. This negative temperature effect 

indicates that the concentration of carrier in the samples increases when temperature increases 

then consequently leads to the increase of the conductivity of the samples, which results in 

decrease of the resistance of the film. 
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4.3.4 Further sensing performances of the carbon nanosheets based humidity sensors 

In the following characterizations, we would mainly focus on the carbon nanosheets based 

sensor due to its better humidity sensing performance than that of the nanohoneycombs. 

 

Fig. 4.8 I–V characteristics of the carbon nanosheets based sensor in different static RH 

atmosphere from 20% to 95%RH at room temperature. 

 

Fig. 4.8 shows the current-voltage (I–V) characteristics measured using four-point technique 

at different RH for the carbon nanosheets based sensor at room temperature. The four I–V curves 

appear non-linear properties at the vase of low voltage (below 1 v), but become linear at higher 

voltage (above 1 v). This behavior may be explained by the existence of a potential barrier 

between the electrodes and the carbon nanosheets [30] at low voltage. The I–V characteristics 

were linear at high voltage, suggesting an ohmic contact between the Au electrodes and the carbon 

nanosheets. Based on this, we applied the DC voltage of 1 v for the sensing measurements. The 

ohmic contact may be attributed to closeness of the work functions of Au (5.1 eV) and carbon 
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(about 5 eV). From experimental data in Fig. 4.8, it can also be found that the resistance of the 

sensor increases with RH in air, which is in good agreement with the results shown in Fig. 4.5.  

 

Fig. 4.9 Dynamic response of the carbon nanosheets based sensor to different RH levels. 

 

The transient response behavior of the carbon nanosheets based sensor to dynamic switches 

between 11%RH and different RH levels ranging from 40% to 95%RH is given in Fig. 4.9, 

indicating good reversibility of the response of the sensor. When the humidity was switched to 

11%RH from a high RH, the resistance abruptly decreased and then gradually reached a relatively 

stable value. When the sensor was exposed to high RH levels, the resistance of the sensor promptly 

increased and then reached a relatively stable value. So, the water-carbon interaction can be 

considered as physisorption with a weak bond [31].  

       The response time (defined as the time required to reach 90% of the total resistance change) is 

influenced by the change of RH level. The response time to humidification from 11% to 40%RH is 

about 30 s, while the recovery time from 40% to 11%RH is about 90 s, which is much faster than 

the results reported early [12]. Need to mention that the actual response time and recover time 
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should be shorter. This is because the measurement results were affected by the time delay in the 

valve switching and the gas exchange in the chamber. When RH increases from 40% to a higher 

RH, the response and recovery time slightly increases accordingly. This can be explained by the 

nature of the diffusion and adsorption process. There are more water molecules diffused into the 

structure and absorbed by the surface of sensing material at higher RH levels [32]. This results in 

longer response and recovery time.  

 

Fig. 4.10 The long-term stability of carbon nanosheets based sensor at room temperature. 

 

In order to evaluate the reliability of the sensor, tests for long-term stability were also carried 

out. The results are shown in Fig. 4.10. The measurements of resistance-RH characteristics were 

repeated every 5 days for one month. Only slight variation in resistance at each humidity region is 

observed over time after aging, proving good stability and durability of the carbon nanosheets 

based sensor. 
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4.3.5 Comparison of humidity sensing performances of the carbon nanosheets based sensors 

using DC and AC power supplies 

In order to compare the sensing performance at DC and AC systems, we replaced the DC 

power supply by AC power supply in electrical circuit A to measure the humidity sensing 

properties of the carbon based sensors. Fig. 4.11 shows the comparison of resistance and response 

of the carbon nanosheets and nanohoneycombs based sensors measured by using AC (1 V, 1 kHz) 

and DC power supply, respectively. The solid lines in both figures are corresponding to the values 

in DC case, while the dashed lines are corresponding to that of AC case. 

 

Fig. 4.11 Sensing properties comparison of n-C films based sensors using DC and AC power 

supplies. 

 

At the same humidity environment, the obtained impedance values of the sensor with AC 

power supply are lower than the values in the case of DC circuit. Because the physisorbed water 

molecules on the carbon film surface have dipole moment [33, 34], the equivalent circuit of the 

sensor under humidity environment can be consider a parallel combination of a resistance 
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component of sensor material: a resistance component of physisorbed water and then a capacitance 

component of physisorbed water. This results in low impedance values in the case of AC circuit, as 

shown in Fig. 4.11a.  The calculated response values of both sensors at AC and DC circuit are 

exhibited in Fig. 4.11b. Obviously,   both sensors have higher response with DC electrical circuit 

than that with AC circuit.   

4.4 Conclusion 

In summary, the performances of carbon nanosheets and nanohoneycombs based resistive 

humidity sensors were measured by a four-point method. Both sensors show linear dependence of 

resistance and sensor response on RH. The carbon nanosheets based sensor exhibits high response 

in comparison with the sensor based on carbon nanohoneycombs. The response time and the 

recovery time of the carbon nanosheets based sensor are 30 s and 90 s at 40%RH, and the 

hysteresis is about 3.57% at 50%RH. What’s more, good stability is observed within one month. 

At the same humidity environment, both carbon nanosheets and nanohoneycombs based sensors 

have higher sensing response with DC electrical circuit than that with AC circuit. Need to mention 

here, four-point method is necessarily used to avoid any possibility of polarization effect when DC 

power supply is employed.  

Actually, carbon nanosheets and nanohoneycombs based humidity sensors are not 

extensively used. In the following chapter, we are going to discuss a widespread carbon 

nanomaterials—carbon nanotube for sensing applications. 
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Chapter 5 

Characterization and applications of carbon nanotubes 

In this chapter, conductive composite films of carbon nanotubes (CNTs) were prepared in two 

different ways using the biopolymer kappa- carrageenan (KC) as a dispersant. Evaporative casting 

and vacuum filtration film-formation processes were compared using electrical characteristics. 

These measurements showed that, films produced using vacuum filtration had higher electrical 

properties than those prepared using the evaporative casting method. These evaporative casted 

MWCNTs composite films also performed as the best humidity sensor over all other films 

measured. 

5.1 Introduction 

Carbon nanotubes (CNTs) have attracted many researchers duo to their unique electronic, 

mechanical, optical and thermal properties which make them suitable for current and future 

application in nanotechnology [1-4]. Humidity sensors are widely applied in process control, 

environment monitoring, storage, electrical devices, and so forth, and the research to develop some 

new materials for sensor device attracts more and more attention [5]. CNTs are considered to be a 

novel humidity sensing materials owing to their large surface area to volume ratio [6], high 

chemical inertness, nanoscale structure and hollow center [5, 7].  Many researchers have studied 

the effects of humidity on the electrical conductivity of SWCNTs [8-10] and it has been reported 

that the water molecules act as a donor and modify the electrical properties of SWCNTs [11-14]. 

In multi walled carbon nanotubes (MWCNTs), when exposed to the humidity, impedance changes 

were also observed which could be attributed to the p-type conductivity of MWCNTs [15]. Further, 

it is also reported that the height of Schottky barrier formed between p-type MWCNTs and a 
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metallic electrode changes with changing values of ambient humidity [16, 17]. Varghese et al. [18], 

Valentini et al. [19], and Cantalini et al. [11] have investigated the gas sensitive characteristics of 

MWCNTs systematically and observed humidity sensitivity of MWCNTs briefly. CNT-based 

humidity sensors have been demonstrated to be more sensitive and faster response in detecting 

humidity [7]. 

In this work, the effect of preparation method and presence of glycerin on the electrical and 

humidity sensing properties were investigated.   

5.2 Experimental details 

Kappa-carrageenan (KC) –CNTs including KC–SWCNTs and KC–MWCNTs with or 

without glycerin (G) were prepared using evaporative casting method (A1-A4) and vacuum 

filtration method (B5-B7) (table 5.1) by our collaborator Dr. Marc in het Panhuis and Dr. Ali 

Aldalbahi from Soft Materials Group, School of Chemistry, and ARC Centre of Excellence for 

Electromaterials Science, University of Wollongong, Australia, see the details in [20]. 

 
Table 5.1 Sample information. Numbers for dispersions indicate the concentration of biopolymer 
and CNT, i.e. “KC-0.50-MWCNT 0.10” corresponds to dispersion with KC and MWCNT 
concentration of 0.50 % w/v and 0.10% w/v, respectively. 

 
Film Dispersion 
A1 KC 0.50 – MWCNT 0.10 
A2 KC 0.50 – MWCNT 0.10 + 50%G 
A3 KC 0.50 – SWCNT 0.10 
A4 KC 0.50 – SWCNT 0.10 + 50%G 
B5 KC 0.15 – MWCNT 0.03 
B6 KC 0.15 – MWCNT 0.03 + 50%G 
B7 KC 0.15 – SWCNT 0.03 
B8 KC 0.15 – SWCNT 0.03 + 50%G 
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5.3 Characterization of synthesized carbon nanotubes 

5.3.1 The morphologic surface 

Fig. 5.1 show SEM images acquired using a JEOL JSM-7500F Field Emission Scanning 

Electron Microscope. Samples were prepared by mounting small pieces of films onto a brass stage 

using double-sided conductive carbon tape. CNTs with diameters about 10 nm (A1, A2, B5, B6) 

and 5 nm (A3, A4, B7, B8) were observed in all samples. The samples prepared by using vacuum 

filtration method exhibited higher density than the samples prepared by evaporative casting 

method. The background of the CNTs are KC and KC + G, respectively. 

 

  

  

A1 A2 

A3 A4 
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Fig. 5.1 SEM images of KC-CNT with or without G composite films prepared by evaporative 
casting method (A1-A4) and vacuum filtration method (B5-B8), respectively.  

 

5.3.2 Raman spectroscopy 

Raman spectroscopy yield information about the purity, defects and tube alignment, and 

assists in the distinction the presence of MWCNTs relative to other carbon allotropes. The 

technique has been strikingly successful at describing the structural properties of SWCNTs [21]. 

Unfortunately, the interpretation of the spectra from a MWCNT is often very complicated and has 

not yet yielded the same level of output as Raman spectroscopy has achieved for SWCNTs. For 

B5 B6 

B7 B8 
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Raman scattering, MWCNTs can be said to be an ensemble of carbon nanotubes with diameters 

ranging from small to very large [21]. Despite this, a number of reports have indicated that Raman 

spectroscopy can have qualitative and even quantitative characterization power. Because much 

less theoretical work has been devoted to understanding the Raman spectrum of MWCNTs, the 

interpretation of the experimental spectra is usually based on well-established results obtained for 

SWCNTs. This approach has proven valuable but has also shown important limitations since a 

number of effects, absent in SWCNTs, are often found in the spectra of MWCNTs [22]. 

The typical spectrum of a SWCNT has the following major features [22]: 

(1) A low-frequency peak (<200 cm-1), assigned to the A1g symmetry radial breathing mode 

(RBM). This peak is absent in graphite and is the main signature of a SWCNT. The frequency of 

this mode depends only on the tube diameter, but the complete description of tube chiral indices 

can be inferred from resonant Raman measurements by using information tabulated in the Kataura 

plot for allowed excitations [23, 24].  

(2) A group of peaks around 1340 cm-1, called the D band, is assigned to the presence of 

disorder in graphitic materials. The origin of the D band in nanotubes is often considered as a 

measure of disorder as in graphite. It was also demonstrated that the D band was active for 

nanotubes satisfying a certain chirality due to double resonance conditions [25, 26].  

(3) A group of peaks in the 1550–1600 cm-1 range constitutes the G band. In graphite, a single 

peak is present at 1582 cm-1 and corresponds to the tangential vibrations of the carbon atoms. This 

peak is a good measure of the graphitization of the sample. In nanotubes, this G band is composed 

of two features (G+ and G-) due to the confinement of the vibrational wave in the circumferential 

direction. Because the G+ band corresponds to atomic displacements along the nanotube axis, it is 

independent of the diameter, as opposed to the G- band, which corresponds to circumferential 



 97 

atomic displacements. The G- band has a different line shape for semiconducting and metallic 

systems. 

(4) A line is present around 2600 cm-1, it is an overtone or second-order harmonic of the 

Dmode. It is labeled G’ or sometimes D* or 2D. The G’ band is indicative of long range order in a 

sample, and arises from a two-phonon, second-order scattering process that results in the creation 

of an inelastic phonons. 

(5) Some second-order modes are also visible in the 1700–1800 cm-1, but have not attracted 

particular attention, in part because of their relatively low intensity.  

Raman spectroscopy on MWCNTs has been focused on exploiting the presence or absence of 

these bands in the corresponding spectra to infer electronic and structural information about the 

tube. In many samples of MWCNTs, the G band’s frequency and lineshape are comparable to 

those of the E2g phonon of graphite (though graphite linewidth is typically smaller than that for 

MWCNTs). The linewidth is, however, not a reliable criterion to distinguish MWCNTs from 

graphite, since the linewidth may be affected by a number of factors such as tube diameter. The 

signature of a single-shell vibration is expressed by the presence of a low frequency RBM and in 

the splitting of the G band. I most cases, these two effects are not observed in MWCNTs, even for 

highly ordered samples. The main reason is that the innermost shell in MWCNTs often has a 

diameter in excess of 2 nm. For such a size range, the RBM’s scaling rules derived for SWCNTs 

indicate that the RBM frequency and intensity are not measurable. This also applies to the scaling 

rules for the G- band. In other words, for shells of small curvature, the electronic properties differ 

little from those of flat graphite. It follows that typical MWCNT spectra resemble those of graphite 

and display little or any effect of cylindrical geometries. This also indicates that the spectral 

feature of this G mode can often be used to distinguish between MWCNTs and SWCNTs: while 
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the G band is clearly split into two bands in SWCNTs, the G band is typically made up of a broad 

asymmetric feature in MWCNTs [22]. 
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Fig. 5.2 Raman spectroscopy of KC-CNTs films prepared by evaporative casting method (A1-A4) 
and vacuum filtration method (B5-B8), respectively. 
 

Fig. 5.2 show the Raman spectra of the CNTs. Characteristic peaks are identified in the 

Raman spectra between 1000 and 2000 cm−1. The one at around 1340 cm−1 called the D band is 

associated with disorder allowed zone edge modes of graphite that became Raman active due to 

the lack of long range order in amorphous carbon based materials. The G band at around 1590 

cm−1 corresponds to the G line associated with the optically allowed E2g zone centre of crystalline 

graphite [27]. Two separated G band were observed in MWCNTs which are called G+ and G- 

band, respectively. It is also noted that the Raman signal ratio ID/IG of MWCNTs is much higher 

than that of SWCNTs. 

 

5.3.3 FTIR spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is commonly used to investigate 
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functionalization. The extent of functionalization will alter the wettability of the nanotubes in 

various surfactants and may thus also alter the toxicity [22].  

FTIR studies have been performed in the range 600 to 4000 cm−1 for the identification of the 

CNTs, as shown in Fig. 5.3. The dominant peaks at ~3300-3375 associated with O-H stretch [22, 

24, 26]. The peaks located at ~2890 and 2930 cm-1 are corresponding C-H stretches [24, 26]. Other 

peaks at ~1235 and 1220 cm-1 are observed as C=C stretch and D band, respectively.  
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Fig. 5.3 FTIR spectrum of KC-CNTs composite films prepared by evaporative casting method 
(A1-A4) and vacuum filtration method (B5-B8), respectively. 
 

5.3.4 Electrical conductivity of films 

Characterization of electrical current-voltage (I-V) properties is based on HP – Agilent 

6268B Power Supply and keithley 6517A electrical meter controlled by Labview program. I-V 

curves of selected CNTs are shown in Fig. 5.4. All films exhibited linear I-V characteristics, i.e. 

Ohmic behaviour. SWCNTs showed better conductivity than MWCNTs. Samples prepared by 

vacuum filtration method exhibited better conductivity than samples prepared by evaporative 

casting method.  KC-CNTs composite films with glycerin had better conductivity than films 

without glycerin. 
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Fig. 5.4 I-V characteristics for KC-CNT composite films prepared by evaporative casting and 
vacuum filtration of KC-CNT dispersions.  

 

5.3.5 Sensing properties of films 

Sensing properties of the films were investigated using a custom-build system [28]. The films 

are connected in series to a known resister (909 Ω) and a battery (4.91 V) to form a 

voltage-current-resistor (V-I-R) electrical circuit as a prototype sensor. The sensitivity of the 

sensors was characterized using measurements of voltage drop across the known resistor and film 

under different environmental conditions, i.e. as a function of temperature and humidity, and by 

exposure to different gases (H2 and CH4) at a concentration of 100 ppm in air. For all 

measurements air was used as the carrier gas. The volume of chamber is 1000 ml to ensure that the 

change of gas concentration was instantaneous, which is a prerequisite condition for the accurate 

measurements of response and recovery time of the sensor. 

By measuring the variation in resistance upon changing the environment of the films, the 

sensitivity (S) can be calculated using the following equation [29]: 



 101 

                 (%) 100%g a

a

R R
S

R

 
  
 
 

                                                                                      (1) 

where Rg and Ra represent the resistance of the film in the targeted gas (humidified air, H2 and 

CH4) and air, respectively. 

Fig. 5.5 depicts the resistance–RH behavior of the KC-CNT composite films prepared by 

evaporative casting method. The resistance decreased with introduced water vapour. Table 5.2 

shows the detailed parameters. 
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Fig. 5.5 Resistance change based on RH of CNT films prepared by evaporative casting method. 
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Table 5.2 Detailed parameters of Fig. 5.5 

Sample Vapor in 
time(s) 

Humidity 
Change(HC) 

Vapor out 
time(s) in HC out 

A1  80 55-80% 210 600 56-82% 730 
A2  950 46-90% 1100 1700 46-90% 1850 
A3  100 46-90% 250 700 46-90% 850 
A4  150 50-90% 350 1320 50-90% 1500 

 

In order to measure the sensitivity of the films to humidity, the resistance was measured for a 

humidity change from 40 - 90%. This was carried out for films containing both MWCNTs and 

SWCNTs prepared by evaporative casting and vacuum filtration methods. It can be seen that the 

sensitivity of KC-MWCNT films was higher than that of KC-SWCNT; this is shown by a greater 

decrease in resistance for the films containing MWCNTs. The MWCNT films exhibited a 

sensitivity of 70% compared to 21% for SWCNT films (Fig. 5.6). Films prepared using vacuum 

filtration method had a lower sensitivity of 17% and 15% for MWCNT and SWCNT films, 

respectively. This could be attributed to the vacuum filtration process which leads to biopolymer 

losses compared to the evaporative casting method of film preparation. The films were also 

exposed to H2 and CH4 gases at 25℃, however no response in resistance was observed, indicating 

that they were not sensitive to these gases. 
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Fig. 5.6 Responses of KC–MWCNT and KC–SWCNT composite films to humidity change, H2 
and CH4 gases (100 ppm in air) at operating temperature of 25℃. Films prepared by (a) 
evaporative casting and (b) vacuum filtration methods. Continuous and dashes arrows 
indicate the response and recovery time, respectively. 

 

5.4 Conclusion 

KC–SWCNTs and KC–MWCNTs were successfully synthesized by using evaporative 

casting and vacuum filtration methods. KC–MWCNT films prepared by evaporative casting 

process displayed higher conductivity compared to KC–SWCNT films. The conductivity of films 
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prepared by vacuum filtration method was higher than films prepared by evaporative casting. 

MWCNT films exhibited sensitivity to humidity as high as of 70%, easily outperforming SWCNT 

films. This work contributes toward the development of conducting biopolymer composite 

materials. 
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Chapter 6 

Summary and suggestions for future works 

In this thesis, a systematic study was carried out on the synthesis and characterizations of 

carbon nanomaterials, including carbon nanorods, carbon nanosheets, carbon nanohoneycombs 

and carbon nanotubes, for a purpose of developing efficient field emission displays, humidity 

sensors…. Different growth techniques such as hot filament physical vapour deposition, 

evaporative casting and vacuum filtration methods were applied to synthesize carbon 

nanomaterials. The morphology, chemical compositions, bond structures, electronic, mechanical 

and sensing properties of the obtained samples were characterized. 

Well aligned one-dimensional tilted well-aligned carbon micro- and nano- hybrid rods were 

synthesized on Si at different substrate temperatures and incident angles of carbon source beam by 

using a simple hot filament physical vapour deposition (HFPVD) technique. The growth process 

has two remarkable features: firstly, this method can produce uniformly tilted carbon micro- and 

nanorods with a controllable angle; secondly, the experimental setup is simple and cost effective 

which satisfies the requirements of commercial applications. SEM images exhibit that micro-sized 

rods with different diameters are obtained for different substrate temperatures. The oblique angle 

and the density of the fabricated carbon rods are influenced by the incident angle of carbon source 

beam. The carbon nanorods with diameter of 25-35 nm are also obtained at the shadow areas. The 

turn-on field Et of samples a, b, c is 9.1 V/μm, 5.8 V/μm and 0.4 V/μm. The field enhancement 

factor β increases following the increasing of substrate temperature from 800℃ to 1000℃ which 

is in accord with the Raman signal ratio ID/IG. 

Carbon nanosheets and nanohoneycombs were also synthesized on Si substrates using the 
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HFPVD technique under methane ambient and vacuum, respectively. A simple, fast response, and 

high sensitive resistive-type nanostructured carbon (n-C) based humidity sensors was 

demonstrated. The newly designed humidity sensors consist of n-C sensing elements combined 

with four-point electrodes which were sputtered on the surface of the n-C films. The sensing 

properties of prototypical sensors at different temperature, humidity, direct current (DC), and 

alternative current (AC) voltage were characterized. Linear sensing response of sensors to relative 

humidity (RH) ranging from 11% to 95% is observed at room temperature. Experimental data 

indicate that the carbon nanosheets based sensors exhibit an excellent reversible behavior, higher 

responses and long-term stability in comparison with the sensor based on carbon nanohoneycombs. 

The response time and the recovery time of the carbon nanosheets based sensor are 30 s and 90 s at 

40%RH, and the hysteresis is about 3.57% at 50%RH. At the same humidity environment, both 

carbon nanosheets and nanohoneycombs based sensors have higher sensing response with DC 

electrical circuit than that with AC circuit.  

Free-standing conductive composite films of carbon nanotubes (CNTs) were prepared in two 

different ways using the biopolymer kappa- carrageenan (KC) as a dispersant. Evaporative casting 

and vacuum filtration film-formation processes were compared using electrical characteristics. 

The conductivity of films prepared by vacuum filtration was higher than films prepared by 

evaporative casting. MWCNTs films exhibited sensitivity to humidity as high as of 70%, easily 

outperforming SWCNTs films.  

Based on the studies of the synthesis and characterization of carbon nanomaterials, the well 

controlled synthesis and applications of carbon nanomaterials will be further considered. The 

application of CNTs and graphene on solar cells is an attractive research field. 
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