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ABSTRACT

GROWTH AND ELECTRICAL CHARACTERIZATION OF HIGH 

PURITY CARBON NANOTUBES

This thesis work is focused on growing high purity vertically aligned Carbon

nanotubes by ethylene gas thermal chemical vapor deposition method on very thin 

Cobalt and Iron catalyst thin films deposited on to Si/SiO2/Al2O3 substrates by DC 

magnetron sputtering. In this study, the effective parameters were changed to grow 

aligned CNTs. Hence, the vertically aligned CNTs were performed and also the ideal 

parameters were determined for this kind of growth mechanism.

The effect of support layer was examined for three different hydrocarbon gas 

ratios. SiO2 and Al2O3 were used as support layers between metal catalyst thin films and 

Si substrate. Two kinds of samples were compared; one of them had only Al2O3 and the 

other one includes both Al2O3 and SiO2 layers. As a result, the sample that had both 

oxide layers gave better results for density of CNTs on the surface of samples.

Moreover, types of catalyst material effect also were examined on growth of 

CNTs for three different temperatures. For this aim, the performance of Fe and Co 

catalyst thin films was compared. According to our results, Fe was more reactive with 

ethylene gas than Co catalysts and also, the density of CNTs was increased by using Fe 

as a catalyst material.

Hydrogen pretreatment time was performed for another significant effect. Seven 

different time parameter which were 0, 5, 10, 15, 20, 25, 30 minutes, were examined. 

The density and diameters of catalysts particles were compared for these different 

treatment times.

Finally, the electrical characterization of CNTs was performed. The resistance of 

CNTs was measured by using two point contact technique. Moreover, the interaction 

between resistance of CNTs and humidity was examined.
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ÖZET

YÜKSEK SAFLIKTA KARBON NANOTÜPLERİN BÜYÜTÜLMESİ 

VE ELEKTRİKSEL KARAKTERİZASYONU

Bu tez çalışması, yüksek saflıkta dikey karbon nanotüplerin etilen gazı termal 

kimyasal buhar biriktirme tekniği ile doğru akım mıknatıssal saçtırma yöntemiyle 

silikon dioksit üzerine alüminyum oksit kaplanmış silikon alt taşları üzerine kaplanan 

Kobalt ve Demir ince kataliz filmlerin üzerinde büyütülmesine odaklanmıştır. Bu 

çalışmada dikey karbon nanotüpleri büyütmek için etkili parametreler değiştirilmiştir. 

Böylece, dikey nanotüpler oluşturulmuş ve uygun parametrelere karar verilmiştir.

Ayrıca, tampon tabakasının etkisi üç farklı oranda karbon gazı için 

araştırılmıştır. SiO2 ve Al2O3 silikon ve metal kataliz ince film arasında tampon tabakası 

olarak kullanılmışlardır. İki farklı örnek karşılaştırılmıştır. Bir çeşit örnek sadece Al2O3

tampon tabakası içerirken, diğer çeşit SiO2 ve Al2O3 tabakalarına sahiptir. Sonuç olarak 

iki oksit tabakasını içeren örnek çeşidinin karbon nanotüplerin yüzeydeki yoğunlukları 

için daha iyi olduğu anlaşılmıştır.

Kataliz maddenin çeşidinin karbon nanotüpler üzerindeki etkisi de üç farklı 

sıcaklık için incelendi. Bu amaç için, Demir ve Kobalt ince filmlerin performansları 

karşılaştırıldı. Sonuçlara göre, Demir parçacıklar etilen gazı ile Kobalt parçacıklarına 

göre daha aktiftir ayrıca, karbon nanotüplerin yüzey yoğunlukları Demir kataliz 

kullanılarak arttırılmıştır.

Hidrojen önişlem etkisi de diğer bir önemli parametre olarak uygulandı.0, 5, 10, 

15, 20, 25, 30 dakika olarak yedi farklı zaman değeri denenmiştir. Kataliz parçacıkların 

yoğunlukları ve yarıçapları bu farklı zaman uygulamaları için karşılaştırıldı.

Son olarak, karbon nanotüplerin elektriksel karakterizasyonu yapılmıştır. İki 

nokta kontak modeli kullanılarak tüplerin dirençleri ölçülmüştür. Ek olarak, karbon 

nanotüplerin nem ile olan ilişkisi de incelenmiştir.
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CHAPTER   1

INTRODUCTION

Since the early 90s, many scientists have focused on a new topic which is one of 

the fascinating carbon materials. It is called carbon nanotube (CNT). Several 

experiments have been done and hundreds of papers have been published to determine 

the growth parameters, the characterization methods and also the application areas of 

CNTs. This discovery creates a new era, which is expanding with huge steps rapidly.

A graphite sheet (graphene) rolls into a cylinder and it creates a carbon nanotube 

which has excellent properties due to its rolling dimension and symmetric structure. For

nanoscience, CNTs have very significant value not only for their mechanical, 

electronics and well defined atomic structural properties but also for their potential 

technological applications in electronic devices and in the field of hydrogen storage and 

these properties separate CNTs from other materials (Jodin, et al. 2006).

There are two types of carbon nanotubes; if it contains one graphene cylinder, it 

is named single wall nanotube (SWNT); if it contains more than one concentric 

cylinders, it is called multi wall carbon nanotube (MWNT) (Dresselhaus, et al. 2001). 

Although graphene is a zero-gap semiconductor, CNTs can be semiconductors or metals 

with different size energy gaps (Dresselhaus, et al. 2004). The types of CNTs can give 

some information about their electrical properties. The (n, m) values define the SWNT 

is metallic or not. Nanotube with (n-m) =3q is metallic and the tube with (n-m) =3q+-1 

is semiconducting (q is an integer). These (n, m) values are related to the chiral 

vector(C=nâ1+mâ2, C is chirality vector). SWNTs are classified into three groups; 

armchair, zigzag and chiral, and these groups are revealed with these n, m values 

(Ivchenko and Spivak 2002). If n=m nanotube is called armchair and if m=0 it is zigzag, 

finally n is not equal m, it is chiral (Belin and Epron 2005). Although zigzag nanotubes 

are to be either semiconducting or metallic, all armchair nanotubes are metallic 

nanotubes (Saito, et al. 1992).

In a graphene layer, the carbon-carbon bond probably is the strongest chemical 

bond, so it makes SWNTs the toughest materials ever known. This SWNT is 100 times 
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stronger than steel because of this C-C bonds (Baughman, et al. 2002, Dresselhous, et 

al.2004). The Young’s modulus of SWNT is up to 1 TPa, which is 5 times greater than 

the value for steel (230 GPa) while the density is only 1.3 g/cm3 (Saito, et al. 1992).

Despite the high Young’s modulus of CNTs, they can be bended reversibly up to a 

critical angle value as large as 110o (Folvo, et al. 1997, Iijima, et al. 1996). In the

literature, there is not as much as publication about the thermal properties including 

thermal conductivity, thermo power, specific heat of CNTs than the other papers which 

explain the electronic, mechanical properties (Dresselhous, et al.2004).

To grow CNTs, catalyst materials have a significant position. The groups around 

the world share the same idea that the three transition metals Fe, Co and Ni and also the 

compounds of these metals are the best catalysts for CNTs. (Dai 2002). These metals 

(Fe, Co, Ni) have finite carbon solubility at high temperatures (Dai 2002, Park, et al. 

2002).

This thesis is focused on optimizing the parameters to grow vertical CNTs by 

ethylene thermal chemical vapor deposition and to investigate some main parameters 

affecting the growth of CNTs, such as catalyst, pretreatment time, and support layer 

thickness effects. This thesis is composed of six chapters. Chapter 2 gives background

information on CNTs, their types, structure, discovery and growth methods along with 

growth mechanisms. In Chapter 3, general information about catalyst materials and the

catalyst thin film and also a short literature survey are mentioned. The growth of

catalyst thin films, experimental conditions, and the characterization tecniques are 

mentioned in Chapter 4. The next chapter is discussion part, all experimental details and

characterization results are shown in Chapter 5. Chapter 6 is the last one, which is 

conclusion.
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CHAPTER 2

CARBON NANOTUBES

2.1. Carbon Structures

Carbon is the basis of organic life, and it is a unique active element not only for 

academic research but also for potential applications. It is easy for a carbon atom to 

bond with many elements such as nitrogen, hydrogen, oxygen, and also a carbon atom 

can bond with another carbon atom in several configurations (Bonard 2006). The forms 

of carbon are diamond, fullerene, graphite, and also carbon nanotubes.

Diamond is one of the best known allotropes of carbon, it is reformed from 

graphite at high temperature and at high pressure, and it is the hardest form of carbon 

and the other material. It is used in industry to grind and cut and polish materials.

Figure 2.1. Diamond in the cubic form
(Source: Stahl 2000)

The other form of carbon can contain 60, 70 or 82 carbon atoms. They are 

closed spheres composed of pentagons and hexagons. The curvature of shape is given 

by these hexagons and pentagons so it is like a ball, and is called fullerene. In 1985, the 

fullerene form of carbon was discovered by laser vaporization of graphite target (Kroto, 

et al.1985, Belin and Epron 2005).  
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Figure 2.2. C60 Buckminsterfullerene
(Source: Stahl 2000)

The most stable form of carbon at room temperature and atmospheric pressure is 

graphite (Baddour and Briens 2005). Graphite is able to conduct electricity. It is

chemically more reactive than diamond. A single layer of graphite is called graphene 

which has remarkable electrical, thermal, and physical properties.

Figure 2.3. Graphite structure
(Source : Stahl 2000)

The last one, which we focused on in this study is  carbon nanotube (CNT) 

which is going to be described  in the following step.

2.2. Carbon Nanotubes 

2.2.1.Historical Background 

Carbon nanotube is a tubular form of a graphene with a diameter in the range of 

the nanometer . In 1950s, the electron microscopes  started to become famous for a wide 
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research area and  the tubular form of carbon was first observed using an electron 

microscope by Russian researchers Radushkevich and Lukyanovich in 1952, it was 

called carbon filament (Dupuis 2005, Monthioux and Kuznetsov 2006).

In the early 90s, Sumio Iijima who is an electron microscopist was performing 

some experiments to observe fullerene and allotropes of it. However, he noticed that 

different forms were occured like a tubular structures of carbon . After this coincidence, 

this carbon filaments have been called carbon nanotubes (CNTs)( Dupuis 2005).

The first CNTs were multi-wall carbon nanotubes (MWCNTs), which were 

grown by Arc-discharce process and only two years later single-wall carbon nanotubes 

could be grown by two different methods; such as laser ablation method  and chemical 

vapor deposition (CVD) (Dupuis 2005, Iijima and Ichihashi 1993).

2.2.2  Types of Carbon Nanotubes

The number of the concentric graphene cylinders determine the types of carbon 

nanotubes. If carbon nanotube contains one graphene cylinder, it is named single wall 

nanotube (SWNT); if it contains more than one concentric cylinder, it is called multi 

wall carbon nanotube (MWNT).

2.2.2.1 Single Wall Carbon Nanotube 

A graphene rolls into a cylinder and single-wall carbon nanotube is occured 

which has excellent mechanical, electronical and well defined atomic structural 

properties (Jodin, et al. 2006). A single wall carbon nanotube can be metallic or 

semiconductor.
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Figure 2.1. An illustration of a SWNT
(Source : Dresselhaus 1998 )

2.2.2.2. Multi-Wall Carbon Nanotube

More than one concentric graphene cylinders  form into multi-wall carbon 

nanotube . Although MWNTs are stronger than SWNTs , they have more defects than 

SWNTs (Dai 2002). MWNTs have not been characterized in detail for their physical 

properties because of the difficulty of making measurements on the indivudual shells of 

the nanotube.

Figure 2.5. An illustration of a MWNT
(Source : Iijima 1991)

2.2.3. Classification of Carbon Nanotubes 

When a graphene sheet rolls into tubular form, the structure can be in three

different configuration such as; armchair carbon nanotube, zigzag carbon nanotube and 
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finally chiral carbon nanotube. The orientation of chiral vector (C=nâ1+mâ2, C is 

chirality vector) determines the atomic structure of tubes. These (n, m) values are

related to the chiral vector and also the chiral angle (θ) gives information about 

orientations of CNTs. The chiral angle (θ), as shown in Figure 2.6, is defined as the 

angle between the vectors C and â1, with values of   θ in the range of 0 ≤θ≤ 30.

Figure 2.6. An illustration of unrolled graphene
(Source : Hamada, et al. 1992)

When n=m CNT is called armchair type   θ=0o, if m=0 CNT is zigzag θ=300, 

finally n≠m the tube is chiral 0< θ<300(Belin and Epron 2005). The classifications of

CNTs are depicted in Figure 2.7. The zigzag and armchair carbon nanotubes, as are 

shown in Fig.2.8.(a) and (b), respectively, have mirror images which have identical 

structure to the originals; Chiral nanotubes exhibit a spiral symmetry whose mirror 

image cannot be superposed on to the original one.
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Figure 2.7. Classification of CNTs a) Zig-zag b) Arm-chair c) Chiral CNTs
(Source : Dresselhaus, et al. 1995)

2.3. Carbon Nanotube Synthesis Methods

Three growth techniques are the most general for CNTs. One of them is arc-

discharge method and also it is the first one, second one is furnace ablation method and 

most suitable on for SWNTs, the last one is chemical vapor deposition technique. All 

the methods have characteristic features and they have advantages and also 

disadvantages. Each technique is shortly explained below.

2.3.1. Arc-Discharge Method

The Arc-discharge method is the first one and the easiest one to use for 

producing carbon nanotubes (Iijima 1991). This method involves the CNT growing on 

carbon electrodes (cathode and anode ) by applying DC (direct current) during arc-

discharce evaporation of carbon in an inert buffer gas such as argon or helium (Popov

2004).
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Furthermore, in this method, there are two high-purity graphite electrodes. When 

a graphite electrode contains catalyst such as Fe, Co, Ni, it is called anode; the other one 

is pure and is used as a cathode (Iijima, et al. 1993). At low pressure (between 50 and 

700 mbar) and in an ambient gas atmosphere, DC arc voltage is applied between two 

seperate graphite rod (Ando, et al. 1993). The anode surface is heated to higher 

temperature such as 4000 oK, it causes anode to vaporize and condense on cathode 

surface so nano particles are occured.

This process is occured in an inert gas atmosphere and also can be applied in 

methane atmosphere. It was founded that methane is the best gas for growing of 

MWNTs (Ando 1994). It is proved that the CNTs can also be grown in the liquid 

nitrogen atmosphere or in water.

The pressure of inert gas during arc-evaporation process has an important and 

strong influence on SWCNTs. Moreover, the other significant parameter is the stability

of electric arc during experiment (Harris 2007). 

Figure 2.8. Simple schematic illustration of an arc-discharge apparatus
(Source : Popov 2004)

2.3.2.   The Laser –Furnace Method

The laser furnace method or laser ablation method works with the same 

principle as arc- discharge method: Firstly evaporation of carbon gas and it is followed 
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by condensation (Rasmussen 2005). At high temperature nearly 1200oC, the furnace is 

heated and the flowing of an inert gas (typically argon or helium) passes through the 

tube. At this high temperature, a continuous or a pulse laser is used to vaporise the 

target which is located in the center of quartz tube furnace to produce fullerences and 

CNTs. The target also consists of a mixture of graphite and metal catalysts, such as Fe, 

Co and Ni (Yudasaka, et al. 1999, Kataura, et al. 2000). For materials that have high 

boiling temperature, the laser can be more suitable than the other vaporizaton devices 

because of the energy density of laser (Guo, et al. 1995).

The principle of occuring a CNT is following these steps: Firstly, the target is 

vaporised and then a cloud is occured which contain C, C2, C3 and rapidly catalyst 

vapors is formed. While the condensation of the cloud, the small weight of carbon 

molecules come together to form a larger one. The vaporized catalysts are included in 

this large molecule to prevent the closing of these carbon molecules into cage structure.

The growth process is finalled with a SWNT. When the system is cooled up to low 

temperature, this process is finished (Scott, et al. 2001, Baddour and Briens 2005).

Since 1995, the laser ablation methods have been used to produce CNTs (Guo, 

et al. 1995). CNTs which have good quality have been produced by this method, 

however, the high temperatures and using laser makes this method a bit costly 

compared to other methods. A typical illustration of a laser-ablation method is depicted 

in Figure 2.9.
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Figure 2.9. Schematic illustration of a laser ablation method
(Source : Guo, et al. 1995)

  2.3.3. Chemical Vapor Deposition Method

Chemical vapor deposition technique was first used to grow CNTs, after two 

years of observing MWNTs by Iijima in 1991. Also CVD method has been used for 

producing carbon fiber and filaments since 1959 (Walker, et al. 1959, Dai 2002).

There are some reasons that why CVD is generally used to growth CNTs. 

Firstly, this method is performed at low temperature and also the size of CNTs can be 

controlled by controlling catalyst nanoislands (Weifeng, et al. 2003). Moreover, it is 

easy to perform and economic technique for synthesizing carbon nanotubes and also   

performing more than one sample at a time. The other reason is to be useful for large 

scale production of nanotube metarials (Yamacan, et al. 1993, Weifeng, et al. 2003). 
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Figure 2.10. A schematic illustration of a CVD System
(Source : Journet and Barnier 1998)

Initially, the sample is placed in the quartz tube and the temperature is fixed for 

a selective point. During the increasing of the temperature, an inert gas (mostly Argon)

flows through the tube to prevent the oxidation of samples and then. When the furnace 

reaches the selective temperature the etching gas (such as H2, NH3) is started to flow 

through the tube to occur catalyst nano particles (Lee and Park 2001). The other step is 

sending hydocarbon gas for decomposition of gas molecules on the catalyst surface and

followed by diffusion of carbon through the catalyst particles. After that a carbon 

nanotube can be grow, by precipitation on catalyat surface. These hydrocarbon gases 

CH4, C2H4, C2H2, C6H6, and Xylene can be used for a carbon source (Cui, et al. 2003)

Also CVD method has some difficulties about the characterization of carbon 

nanotubes because of mostly they are not aligned and not isolated after growth process 

(Li, et al. 1996).

2.4. Growth Mechanism of CNTs

In arc-discharge and laser ablation method, using catalyts is not necessary, 

however this is different for CVD method because mostly, a kind of metal catalys is 
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used to synthesis CNTs in this technique thus, the growth mechanism can be different 

for all these methods (Oberlin, et al.1976).

At present, the VLS (vapour-liquid-solid) model is the most acceptable one, in

which the hydrocarbon molecules are broken and vapour carbon diffuses into nano-

meter scale liquid catalyst particle, when the catalyst particle is filled with carbon, this

carbon precipitates out with a graphitic structure (carbon filaments and CNTs)( Deck 

and Vecchio 2006, Ding and Balton 2006).The solubility of carbon in the catalyst is 

depending on the types of metal catalyst. The following figure shows the growth 

mechanism of CNTs.

Figure 2.11. Schematic illustration of CNT growth mechanism
(Source : Hart 2006)

In catalytic growth mechanism, the metal catalyst particle might stay at the end 

of the nanotube (tip growth) or the particle might sit of the starting end of CNT (base

growth) (Dupuis 2005). For this modeling the interaction between the catalyst and 

support layer is so important. If the interaction is strong, it is base growth mechanism or 

it is weak, the mechanism is tip growth. Also the base growth model is more acceptable 

because the CNTs can be bended when the catalyst is end of the tube (tip growth) 

(Dupuis 2005). Figure 2.12 shows the types of growth mechanisms.
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Figure 2.12. Schematic illustrations of Tip and Base growth mechanisms
(Source: Dupuis 2005)
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CHAPTER 3

THE CATALYST

3.1. Catalyst Thin Film

In growing CNT, the catalyst material has very significant effect. The catalyst 

size and the catalyst density and also the types of catalyst directly affect the 

morphology, wall numbers, the diameter and also the growth mechanism of CNTs.

In general chemistry, the definition of catalyst is like this," a catalyst is a 

susbtance that increases the rate at which a chemical reaction approaches equilibrium 

without itself becoming permanently involved in the reaction." (Richardson 1989).

When the hydrocarbon gase molecules diffuse into catalyst particle, metal carbides are 

occured and when the catalyst is filled with carbon, this carbon precipitates out with a 

graphitic structure (carbon filaments and CNTs) ( Deck and Vecchio 2006, Ding and 

Balton 2006). The metal catalyst particle might stay at the end of the nanotube ( tip 

growth ) or the particle might sit of the starting end of CNT ( base growth)( Dupuis 

2005). Following figure shows the possible probability of catalyst orientation during 

growth process. 
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Figure 3.1. Schematic illustration of catalyst nanoparticles orientation
(Source : Dupuis 2005)

To determine the most suitable  metal catalyst  many experiments have been 

done , La, Cu, Gd, MgO, Ni, Co, Fe, Pd, Cr, Mn, Zn, Cd, Ti and Zr have been used for 

these experiments and Fe, Co and Ni and compounds of these transition metals give the 

best products. The type of catalyst on which CNT can grow, is called succesful catalyst;

otherwise, it is called unsuccesful catalyst. These metals (Fe, Co, Ni) have finite carbon 

solubility at high temperatures (Dai 2002, Park, et al. 2002). The carbon solubility limits 

of succesful catalyst is between 0.5wt%-1.5wt% and if the carbon solubility is very 

close to zero and the metal carbides prevent the growing CNTs, these catalyst are 

renamed unsuccesful ( Vecchio and Deck 2006). 

Succesful catalytic applications are found only in d-electron transition metals. It 

was also observed that the ability for transition metals to bond with carbon atoms 

increases with the number of unfilled d-orbital (Arthur and Cho 1973). Alkali and 

alkalin metals revert too easily to ionic states under catalytic conditions (Richardson 

1989). Moving from right to left across the periodic table means less d- electron are 

available to fill the bonds of energies corresponding to collectivized d- orbitals. Levels 

are filled success until the Fermi level is reached. A certain number of vacant levels or 

d-holes are available for bonding with adsorbates; the lower the Fermi level the larger 

the number and stronger the adsorbtion (Richardson 1989).

These publications are samples of using Fe as a catalyst to growth CNT              

( Kukovecz, et al. 2000, Ermakova, et al. 2001, Pan SS, et al. 1999, Hernadi, et al. 1996,

Fonseca, et al. 1996, Cui, et al. 2000, Wang YH, et al. 2001, Duesberg, et al. 2003,

Klinke, et al. 2001, Ivanov, et al. 1994, Venegoni, et al. 2002,  Fonseca, et al. 1996, Cui,
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et al. 2000, Cho, et al. 2002, Duesberg, et al. 2003). In the following figure the Fe 

catalyst particles are shown.

Figure 3.2. SEM image of Fe catalsyt particles
(Source : Aksak, 2008)

The number of groups, doing experiment with Co catalyst, is lower than the 

others who one working on Fe and Ni catalysts(Dupuis 2005, Ivanov, et al. 1994, 

Hernadi, et al. 1996,  Fonseca, et al. 1996, Ago, et al. 2000, Hsu, et al. 2002, Ago, et 

al.2003, Dupuis 2005,  Satishkumar, et al. 1998, Marty, et al. 2002, Colomer, et al. 

1999, Colomer, et al. 2000). 

Figure 3.3. SEM image of Co catalyst particles
(Source : Aksak, 2008)
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3.2. Thin Film Support Layer  

The support layer is as important as catalyst nanoparticle for CNTs because the 

support layer affect the catalyst orientation and also the size of catalyst nanoparticles 

(Dai 2002). A buffer layer can act as a barrier between Si and the catalyst metal 

particles to prevent forming metal silicide (Arcos, et al. 2002, Teo, et al. 2002).

The support layer type is also important because it may cause different 

interactions between the supporting material and the catalyst metal. The interaction also 

affects the growth mechanism and the yields of CNTs (Qingwen, et al. 2002).

The most effective support material is porous one to produce catalyst 

nanoparticles with a suitable size for CNTs. High porous catalysts metal with strong 

metal-support interactions and high surface areas produce SWNTs with better and larger 

quantities. Strong metal interactions is important, it can prevent metal species from 

aggregating and unwanted large particles (Dai 2002).

The most common buffer layers are SiO2 and Al2O3. However, Alumina (Al2O3)

is an electrical insulator, it has high termal conductivity. In general, alumina is better 

than silica as a support layer for hydrocarbon CVD proces (Gassell 1999). Figure 3.4 is 

a schematic for porous buffer layer.   

  

Figure 3.4. Growth model on a porous support layer
(Source : Li, et al. 1996 )

Some example from litrature for using alumina buffer layer(Cassell, et al. 1999,

Colomer, et al. 1999, Maruyama, et al. 2002, Liu, et al.2003, Li, et al. 2003, Zhu, et al.

2003, Hiraoka, et al. 2003, Lyu, et al. 2003).



19

CHAPTER 4

EXPERIMENTAL

This chapter includes some main information about the experimental process. 

First section is devoted to DC magnetron sputtering process to grow catalyst thin films;

second part gives details about thermal chemical vapor deposition (TCVD) with CNT 

growth process, the following section is focused on characterization techniques which 

are SEM, TEM, and AFM.

4.1. DC Magnetron Sputtering Process

Many techniques have been used to grow thin film some of them chemical some 

of them are physical methods; in this thesis work,  DC magnetron sputtering process 

which is a physical method was performed to deposit thin films. It has several 

advantages over the other conventional thin film deposition techniques, such as good 

surface uniformity, growth on substrates, and its cost effectiveness.

In this study, DC magnetron sputtrering process was used to deposit Fe, Co

catalsyt thin films and Al2O3 support layer on the Si02/Si subsrate. For this process, 

AJA ATC Orion 5 UHV sputtering system based in Magnetism Lab, IYTE was used to 

grow thin films.

In the basic sputtering process, a target (cathode) plate is bombarded by 

energetic ions generated in glow discharge plasma, situated in front of the target. The

bombardment process causes the removal of target atoms, which may then condense on 

a substrate as a thin film (Kelly, et al. 2000). Secondary electrons are also emitted from 

the target surface as a result of the ion bombardment, and these electrons play an 

impotant role in maintaining the plasma (Kelly, et al. 2000). Magnetrons make use of

the fact that a magnetic field configured paralel to the target surface can constrain 
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secondary electron motion to the vicinity of the target. The magnets are arranged in 

such a way that one pole is positioned at the central axis of the target and the second 

pole is formed by a ring of magnets around the outer edge of the target (Kelly, et al. 

2000). 

Figure 4.1. The TCVD system based in Physics Department, CNL Lab, IYTE

      

Figure 4.2. a) Quartz boat, b) Some thin films used for CNT growth

a b
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4.2. Thermal Chemical Vapor Deposition with CNT Growth Process

The TCVD method was used to grow CNT, the system has two dependent parts, 

upper part is a Lindberg/Blue M 1100 C0 Split Mini Furnace and the other dependent

part is a controller. Figure 4.1 is showed the TCVD system. For this furnace quartz tube 

and quartz boat are used because of the experiments are performed at high temperature 

so the melting point of quartz is higher than the experiment temperature. The images of 

quartz boat and tube are shown in Figure 4.2 and Figure 4.1, respectively.

The location of samples and the quartz boat in the furnace is also so important, 

because there is an isothermal area in the middle of the furnace. The upper temperature 

limit of the furnace is 1100 OC however; the furnace should not be stable at the 

maximum limits of temperature. The maximum point in this study is 800 OC.

In this study, the experiment was performed at low vacuum (between 2.0 -4.5 

Torr) until growth process to create vacuum area a rough pump is used, Ar gas sent into 

the system during all experiment to remove the contamination and to prevent the 

oxidation of the samples. Until the temperature reach the selective point, only Ar gas

flows through the quartz tube and at the set point of temperature hydrogen gas is started 

to send with Ar gas during 15 minutes. The treatment time can be changed in some part 

of study to search as a parameter. Hydrogen gas is used as an echant gas. The flow rates 

of these gases are 150 sccm Ar gas and 140 sccm hydrogen gases. When the treatment 

time finishes, the rough pump is turned off and the pressure in the furnace starts to 

increase and when the furnace pressure reaches the atmospheric pressure the vane which 

is between the furnace and the glycerin cap is opened to perform the experiment at 

atmospheric pressure.

Growth time is also a parameter for CNTs, in this study the growth time is 15 

minutes for all of the experiments. This parameter affects the length of CNTs not the 

growth mechanism so 15 minutes is enough for this study.

When the growth time is finished, first the hydrocarbon gas is turned off and 

then the hydrogen gas, Ar gas is stil flowing through the system and the temperature is 

fixed to 0 OC so the system is left for cooling under Ar ambient. All the growth 

conditions are listed in the Table 4.1.
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Table 4.1. Growth conditions of CNTs for TCVD method

Sample Name Temp. 
(°C)

Ar 
(sccm)

C2H4

(sccm)
H2

(sccm)
Pgrowth 
(Torr)

Pinitial 
(Torr)

Time 
(min)

FeAl05CNT238 730 150 120 140 750 2.8 15
FeAl08CNT245 750 150 120 140 750 3.0 15
FeAl06CNT254 750 150 180 140 750 3.0 15
FeAl08CNT256 750 150 180 140 750 3.0 15
FeAl09CNT257 750 150 180 140 750 3.0 15
FeAl10CNT258 750 150 180 140 750 3.0 15
FeAl06CNT261 750 150 150 140 750 3.5 15
FeAl08CNT263 750 150 150 140 750 3.5 15
FeAl09CNT264 750 150 150 140 750 3.5 15
FeAl10CNT265 750 150 150 140 750 3.5 15
FeAl08CNT276 750 150 210 140 750 2.9 15
FeAl09CNT277 750 150 210 140 750 2.9 15
FeAl10CNT278 750 150 210 140 750 2.9 15
FeAl10CNT332 750 150 210 140 750 2.4 15
FeAl06CNT333 750 150 210 140 750 2.4 15
CoAl01CNT334 750 150 180 140 750 2.2 15
FeAl08CNT338 700 150 180 140 750 2.3 15
CoAl01CNT339 700 150 180 140 750 2.3 15
FeAl08CNT347 650 150 180 140 750 2.3 15
CoAl01CNT348 650 150 180 140 750 2.3 15

4.3. Characterization Techniques

Characterization of CNTs is the most important part to discuss the results and 

this part is base for future work. Carbon nanotubes have very different structural 

properties and without characterization, nothing can be said for CNTs. In this study, 

SEM (Scanning Electron Microcopy), TEM (Transmission Electron Microscopy), AFM        

(Atomic Force Microscopy) were used.
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4.3.1. Scanning Electron Microscopy

SEM (Scanning Electron Microscopy) is the most significant electron-optical 

method to investigate of bulk material especially, carbon nanotubes. For growing CNT, 

finding the suitable parameter is the long period and in this duration SEM is the first 

method to characterize the CNTs. SEM is used to measure the diameter of CNT roughly 

and to see the density of CNTs on the surface.

Electrons thermionically emitted from cathode filamet to an anode, focused by 

two successive condenser lenses into a beam with a very fine spot size. Pairs of 

scanning coils located at the objective lens deflect the beam either linearly. Electrons

beams having energies ranging from a few thousand to 50 keV, with 30 keV a common 

value are utilized. The most common imaging mode relies on detection of very lowest 

portion of the emitted energy distribution. The low energy means they originate from a 

subsurface depth of no longer than several angstroms. The signal is captured by a 

detector consisting of a scintillator-photomultiplier combination (O’Connor,et al.2003).

The SEM utilized throughout this thesis work was Philips XL 30S, FEG.

4.3.2. Transmission Electron Spectroscopy

TEM is used to determine structural information from specimens that are thin 

enough to transmit electrons. A thin solid specimen is bombarded in vacuum with a 

highly focused, monoenergetic beam of electrons.

The beam is of sufficient energy to propagate through the specimen. A series of 

electromagnetic lenses then magnifies this transmitted electron signal. Diffracted 

electrons are observed in the form of a diffraction patter beneath the specimen. This 

information is used to determine the atomic structure of the material (O’Connor, et 

al.2003).
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4.3.3. Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a mechanical imaging instrument which 

measures the three dimensions of sample. The advantages of this microscopy is 

analysing any type of surface, including ceramics, glass, polymers and biological 

samples. AFM relies on the atomic forces between the sample surface and the tip. To 

take good image from AFM scanning, the tip should be very sharp and it should be 

close enough to the surface. AFM consist of a sharp tip, a cantilever, piezoelectric 

scanner, photodiode, detector and feedback electronics.

According to applications, AFM can be performed in some modes such as; 

contact mode, tapping mode and non- contact mode. Generally tapping mode is used 

because of not damaging the sample surface, while in the contact mode, there is an 

interaction between the tip and the surface atoms and in this mode the surface of the 

material is scratched.
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter is focused on the results and discussions of the experiments. First 

section is about determining the parameters to grow vertical carbon nanotubes; the next 

part is about support layer effect on the CNT growth. The following section is devoted 

to compare the catalyst thin films which are Fe and Co catalysts; the following part

examines hydrogen pretreatment time effect on the CNT growth, finally the last section 

is about the electrical properties of CNTs. For this discussion, AFM, SEM, TEM, the 

surface chracterization techniques were used and also two-point contact method was 

used to determine the electical characterization of CNTs. 

        

5.1. SEM and AFM Results

5.1.1 Growth of Aligned Carbon Nanotubes

Carbon nanotubes have several advantages for practical applications. However, 

the preferable form of nanotubes for these applications is aligned, thin and long carbon 

nanotubes.

Several parameters are effective to growth vertical nanotubes such as, the type 

and thickness of support layers and catalyst thin films. Moreover, the hydrocarbon and 

ecthing gases and also the ratio between these gases, the other one is pretreatment time 

of etching gas, the last thing is experiment conditions, for example, temperature, 

pressure and also the growth time.

In this study, all parameters which is mentioned in above paragraph, have tried 

to grow vertical nanotubes. Nearly, three hundreds experiments have done to see the 

best result. Firstly, the hydrocarbon gas was changed, ethylene was used instead of 
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methane gas and second step was adding SiO2 buffer layer to Al2O3 buffer layer and the 

results were better than the pevious samples but not exactly the best results. Three 

different thicknesses of Al2O3 thin films were used and the final step is the pretreatment 

time. For some experiments, the pretreatment process was not applied and sometimes, 

the etching gas, hydrogen, was sent the system after a few minutes than the hydrocarbon 

gas. The result still was not perfect, finally pretreatment time was performed 15 minutes 

and then the ethylene gas was sent the system and the conclusion was perfect. The 

following SEM images show the steps of growing vertical nanotubes.

Figure 5.1. SEM micrographs of a) FeAl10CNT258 b) FeAl06CNT254 c) FeAl08CNT245       
d) FeAl05CNT238 e) FeAlCNT232 f) FeAl06CNT235

a b c

d e f
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Figure 5.2. SEM micrographs of a) FeAl08CNT256 b) FeAl08CNT256 c) FeAl09CNT257                                      
d) FeAl09CNT257 e) FeAl08CNT263 f) FeAl08CNT263

All images in Figure 5.2 are called carbon nanotubes forest and this forest can be 

easily removed from subsrate, for example, by a razor. After removing CNTs, the same 

sample was used again and also CNTs were produced as before. It means catalyst 

nanoparticles were on the surface and CNTs were purity because they did not contain 

any catalyst particles. The lengths of CNTs are nearly 200 µm. The vertical and denser 

carbon nanotubes were grown on Si/ SiO2 /Al2O3 /Fe samples because Fe has much less 

mobility on Al2O3 with respect to SiO2 ( Mattavi, et al. 2008). The table 5.1 gives the 

experiment conditions of samples in Figure 5.1 and in Figure 5.2.

a b c

d e f
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Table 5.1. Growth parameters of some steps to have vertical CNTs

Sample Temp.
( 0C)

SiO2(nm) Al2O3(nm)           Treat.Time
(min.)

Catalyst C2H4/H2

FeAl07CNT232 730 0 30 0 Fe 120/140

FeAl06CNT235 730 0 30 0 Fe 120/140

FEAl05CNT238 730 0 30 2 Fe 120/140

FeAl08CNT245 750 1000 15 0 Fe 120/140

FeAl06CNT254 750 0 30 15 Fe 180/140

FeAl08CNT256 750 1000 15 15 Fe 180/140

FeAl09CNT257 750 1000 20 15 Fe 180/140

FeAl10CNT258 750 1000 30 15 Fe 180/140

FeAl08CNT263 750 1000 15 15 Fe 150/140

5.1.2. Support Layer Effect on the CNT Growth

In this part, CNT growth was applied on two different types of sample to 

investigate the effect of support layer and also the thickness of support layer; the first 

one was Si/Al2O3 /Fe (thickness of layers are 30 nm, 1.5 nm, respectively) and the 

second one was Si/SiO2/Al2O3/Fe (thickness of layer are 1000 nm and 30 nm, 1.5 nm, 

respectively).The second sample did not include SiO2. All the experiments for this part 

were performed at 7500C, with different hydrocarbon and hydrogen gas ratio datas 

which were 150/140, 180/140, 210/140. First two samples, FeAl06CNT 261, 

FeAl10CNT 265, were performed at 150/140.
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Figure 5.3. SEM micrographs of, a) FeAl06CNT261 b) FeAl10CNT 265 with the 150/140 
C2H4/H2 ratio

Figure 5.4. SEM micrographs of, a) FeAl06CNT 254 b) FeAl10CNT 258 with the 180/140 
C2H4/H2 ratio

It is clearly seen in Figure 5.4 that the density of carbon nanotubes sharply 

increases when SiO2 is used as a buffer layer with Al2O3. Carbon nanotubes are in small 

buddle shape and there are only a few nanotubes on the surface of FeAl06CNT 254.

ba

a b



30

Figure 5.5. SEM micrographs of, a) FeAl06CNT 333 b) FeAl10CNT 332 with the 210/140 
C2H4/H2 ratio

In three images which include the extra SiO2 support layer, have denser carbon 

nanotube density. Because samples FeAl06CNT 261, FeAl06CNT 254, FeAl06CNT 

333 have only 30 nm Al2O3 as a buffer layer and this thickness is not enough to prevent 

forming metal silicide between Si and the catalyst metal particles (Arcos, et al. 2002, 

Teo, et al. 2002). Al2O3 is an effective support material because it is a porous material 

and this feature is important to grow vertical carbon nanotubes. However, it is clearly 

seen that only thin Al2O3 is not suitable for CNTs when SiO2 whose thickness was 1000 

nm was used with Al2O3 double buffer layer, it gave the better results.

5.1.3. Catalyst Thin Film Effect on the CNT Growth

In growning CNT process, one of the most important parts is catalyst materials. 

Because catalyst affect directly the size and the density of CNTs and also the types of 

this catalyst is so important because only some elements are suitable to use as catalyst 

and the relation between the catalyst and hydrocarbon gas is so important, too. In this 

part Si/SiO2/Al2O3 / Fe and Si/SiO2/Al2O3 / Co thin films were used as sample and Co 

and Fe are the catalyst thin films. The thickness of sample parts are the same, 1000 nm 

SiO2, 30 nm Al2O3 and 1.5 nm Fe or Co thin films.  At three different temperatures, 

650 0C, 700 0C and 750 0C, the experiments were performed. The following SEM 

images give information about Co and Fe catalyts.

a b
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Figure 5.6. SEM micrographs of, a) FeAl08CNT 319 b) FeAl08CNT 319 c) CoAl01CNT 334   
d) CoAl01CNT 334 at 750 0C with 20000X and 50000X magnification.

The above samples, FeAl08CNT 319 and CoAl01CNT 334 were performed at 

750 0C. The average diameters of FeAl08CNT 319 and CoAl01CNT334 are nearly 10 

nm and 20 nm,  respectively. Also it is seen in images the carbon nanotubes on Fe 

catalyst thin film are denser like a nanotube cloud however, the tubes are scarce on Co 

catalyst film.   

c d

a b
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Figure 5.7. SEM micrographs of, a) FeAl08CNT 356 b) FeAl08CNT 356 c) CoAl01CNT 355  
d) CoAl01CNT 355 at 700 0C with 20000X and 50000X magnification.

FeAl08CNT 356 and CoAl01CNT 355 were performed at 700 0C and when 

temperature was decreased from 750 0C to 700 0C, the density of CNTs was decreased 

on both Fe and Co catalyst thin films. However, CNTs are still denser on Fe catalyst;

there are only a few bundle of CNT on Co film. This means that there are only a few Co 

catalsyt particles. It can be followed from AFM images for this sample. Also the

average diameters of FeAl08CNT 356 and CoAl01CNT 355 are 15 nm and 28 nm, 

respectively.

a b

c d
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Figure 5.8. SEM micrographs of, a) FeAl08CNT 347 b) FeAl08CNT 347 c) CoAl01CNT 348   
d) CoAl01CNT 348 at 650 0C with 20000X and 50000X magnification.

The temperature was decreased 50 0C and the experiment was performed at 650 
0C and it is clearly seen that the growth of CNT sharply decreased both on Fe and Co 

catalyst films. This temperature was not enough for reaction for hydrocarbon and 

hydrogen gases to occur carbon nanotubes. CNTs are in bundle form; however the 

diameter of FeAl08CNT 347 and CoAl01CNT 348 can be measured roughly, as 25 nm 

and 35 nm, respectively.

a b

c d
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Table 5.2. Growth parameters of CNTs on Fe and Co catalyst thin films

Sample Temp.

(0C)

Thick.

catalyst 

(nm)

C2H4/H2 Average 

diameter 

(nm)

Pgrowth 

(Torr)

FeAl08CNT 347 650 1.5 180/140 ~ 25 750

CoAl01CNT348 650 1.5 180/140 ~ 35 750

FeAl08CNT 356 700 1.5 180/140 ~ 15 750

CoAl01CNT355 700 1.5 180/140 ~ 28 750

FeAl08CNT 319 750 1.5 180/140 ~ 10 750

CoAl01CNT334 750 1.5 180/140 ~ 20 750

The diameters of CNTs are directly related to the diameters of catalyst 

nanoparticles. The resolution of SEM was not enough to measure the diameters of 

catalyst nanoparticle so AFM (Atomic Force Microscopy) was used to determine the 

catalyst particles and roughly their diameters were measured. The following table shows 

the diameters of catalyst nanoparticles. 

Table 5.3. Growth parameters of Fe and Co catalyst nano particles

Sample Temp.( 0C) Averag. diamtr
(nm)

C2H4/H2

FeAl08 357 650 ~ 67 180/140

CoAl01 358 650 ~ 85 180/140

FeAl08 362 700 ~ 45 180/140

CoAl01 363 700 ~ 75 180/140

FeAl08 322 750 ~ 25 180/140

CoAl01 364 750 ~ 53 180/140
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Figure 5.9. AFM micrographs of, a) FeAl08 357 b) CoAl01 358 at 650 0C

The above AFM images give information for catalyst nanoparticles, at 650 0C Fe 

nanoparticles were not exactly occured, the lighter parts on Fe surface show the catalyst 

particles and they do not have a smooth shape; however Fe catalyst particles are on the 

full of surface not only some parts. Unlike Fe particles, the number of Co particles is

only a few. There are only three big catalyst particles are seen Co catalyst film surface. 

In SEM images at above a few nanotubes in budle form can be seen at 650 0C so the 

catalyst images proved this reason because there are only a few catalyst particles. This 

result shows to have nice tubes, growing nice form of catalysts.

Figure 5.10. AFM micrographs of, a) FeAl08 362 b) CoAl01 363 at 700 0C

a b

a b
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When the temperature was increased 50 0C, the uniformity, density and the 

clarity of Fe catalyst particles were increased which can be seen in above figure. The

brigther parts show the higher particles. The number of Co particles showed a small 

increasing. In SEM images there are only a few CNT bundle at 700 0C. The average 

diameters of catalyst particles are 45 nm and 75 nm. Scanning area of samples are 1.5 X

1.5 µm2 for Fe and 4.5 X 4.5 µm2 and Co thin films. 

  

Figure 5.11. AFM micrographs of a) FeAl08 322 b) CoAl01 364 at 750 0C

The difference of effectivity increased when the temperature was increased 

again 50 0C. It is clearly seen in Figure 5.11 Fe catalyst particles gave better results than 

Co particles at 750 0C with ethylene gas. The numbers of catalyst particles increased; 

however the diameters of particles decreased by increasing temperature. Both AFM and 

SEM images showed the densest samples were Fe catalyst and Co was not effective 

with ethylene gas.

5.1.4. H2 Pretreatment Time Effect on CNT Growth

In the mid 1970s, the importance of atomic hydrogen in the CVD growth of 

diamond was recognized. The crucial role of hydrogen is to etch away graphitic 

structures and allow both high nucleation density and practical growth rates (Jean

ba
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Bonard 2006). Hydrogen is a significant element to change the surface morphology of 

the catalyst (Baker, et al.1982). Hydrogen treatment is also a parameter for CNT growth 

and it is a time dependent process.

During this study it was understood that hydrogen pretreatment was an important 

parameter for this experiment conditions. So in this part of study, H2 treatment was 

researched for seven different time durations which were 0, 5, 10, 15, 20, 25 and 30 

minutes before sending hydrocarbon gas through the system at growth temperature. 

SEM was not enough to analyse the particles so AFM was used to determine the 

diameters and densities of the catalyst nanoparticles. The following table shows the 

growth parameter of catalyst nanoparticles.

Table 5.4. Growth conditions of catalyst particles for TCVD method

Sample 
Name

T 
(°C)

Ar 
(sccm)

C2H4/H2

(sccm)
Averag.
diamtr (nm)

Pgrowth 
(Torr)

Pinitial 
(Torr)

Pretreat.
Time 
(min)

FeAl08 303 750 150 -/140 ~ 40 750 2.8 10

FeAl08 306 750 150 -/140 ~ 50 750 2.5 5

FeAl08 313 750 150 -/140 ~ 48 750 3.0 25

FeAl08 316 750 150 -/140 ~ 58 750 3.0 0

FeAl08 322 750 150 -/140 ~25 750 3.0 15

FeAl08 326 750 150 -/140 ~ 32 750 2.7 20

FeAl08 329 750 150 -/140 ~ 60 750 2.7 30

Figure 5.12. AFM micrographs of a) FeAl08316 b) FeAl08316 0 min. Treatment time
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For 0 minute parameter, the catalyst particles can be seen in above AFM images. 

Only for this samples the scanning area of was 1.7 X 1.7 µm2. The vertical CNTs did

not occur at this parameter because the particles were not dense enough. When CNTs so 

close, they apply Van der Waals force to each other so it becomes easy to be align.

Figure 5.13. AFM micrographs of a) FeAl08306 b) FeAl08306  5 min.Treatment time

When the treatment time was increased 5 minutes, the catalyst number 

increased and they became closer and their diameters decreased from 58 nm to 50 nm. 

In 3-D image, the orientation of catalyst can be seen clearly. The scanning area is 1.5 X

1.5 µm2.

Figure 5.14. AFM micrographs of a) FeAl08 303 b) FeAl08 303 10 min. Treatment time
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After increasing treatment time more 5 minutes, the density of catalyst was 

increased on the surface, too. Moreover the reducing of catalsyt diameters continued, it 

decreased from 50 nm to 40 nm. Also the scannıng areas are 1.5 X 1.5 µm2 for this 

sample.

Figure 5.15. AFM micrographs of a) FeAl08322 b) FeAl08322 15 min.Treatment time

The scanning area of was 1.0 X 1.0 µm2 for the above sample and this parameter 

gave the best result in this study. At this parameter, vertical carbon nanotubes could be 

grown. In Fig. 5.14-a, it can be seen that catalyst particles are so small according to 

previous images. Moreover, the scanning area was kept smaller to see the particles 

clearly. The average diameters of catalyst particles are 25 nm.

Figure 5.16. AFM micrographs of a) FeAl08326 b) FeAl08326 20 min. Treatment time
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The pretreatment was again increased 5 minutes and it became 20 minutes, the 

above AFM images shows the catalyst particles are so dense on the surface and there 

are only a few partices which are bigger than the others. The diameters and the density 

is nearly the same after 15 and 20 minutes treatments.

Figure 5.17. AFM micrographs of a) FeAl08313 b) FeAl08313 25 min. Treatment time

After 25 minutes treatments, the results showed that catalyst particles started to 

agglomerate. Hence, the catalyst diameters increased from 22 nm to 48 nm. The catalyst 

particles are not solid or liquid in that temperature and also they can migrate on the 

surface. However, oxygen atoms hold on to hydrogen atoms and after long hydrogen 

treatment the oxygen atoms are removed from the surface so Fe particles can easily 

move on the surface and they come together so, it increases the diameter of particles.

  

Figure 5.18. AFM micrographs of a) FeAl08329 b) FeAl08329 30 min. Treatment time
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It is clearly seen in the above AFM images, the agglomeration of catalyst 

particles on the surface. The average diameters of catalyst were 48 for 25 minutes 

treatment and because of agglomeration the diameters again increased to 60 nm.

Finally, AFM images show that after a long period of H2 pretreatment, 

nanoparticles tend to agglomerate to reduce surface energy. The small particles have 

higher surface energy than bigger particles. Initially, the particles decrease in size before 

agglomerating into a large one .When the duration time is long, the oxides are removed 

from surface so the catalyst particles tend to melt and agglomerate at high temperature .

5.2. TEM Results

TEM (Transmission electron microscopy) is one of the most important 

techniques to characterize carbon nanotubes and also it proves that CNTs can be 

occured or not. TEM is used to determine the cristanility of CNTs. Sample preparation 

is so important for this method. In this study, samples were examined to see CNTs by 

TEM, in UNAM in Bilkent University.

Sample preparation has a significant position for this analysis method. For the 

samples which are mentioned in following table, some different method was used. 

Samples were put in a %99.9 ethanol solution and they were exposed to ultrasonic 

vibration because the CNTs had to solve in ethanol solution to analyse by TEM. 

However, a carbon film was coated on tubes and it prevented to see the nanotubes 

clearly. Because of ultrasonic vibration, vertical nanotubes became a bundle and they 

were damaged, too. It was decided to applyed different method, again the sample were 

put in ethanol solution but were not exposed to ultrasonic, the solution was rank by 

human hand and a drop was taken and was put on a grid so the CNTs can be seen 

clearly. The other method was, the sample was sunk into liquid nitrogen a few minutes 

and the CNTs were inscribed by a tweezer and again the result was better than the other 

techniques. The lengths of CNTs were nearly 200 µm so, it was difficult to see CNTs 

with their walls because of vibration. The tubes were in vacuum and when they did not 

connect with grid line, it made high vibration. Because of this vibration problem, the 

wall number of some samples was not seen clearly. The following table gives 

information about the samples which was investigated by TEM.
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Table 5.5. Parameters of CNTs which have TEM results

          

  

  

Figure 5.19. TEM micrographs of FeAl09CNT264 with four different magnifications

Sample Temp.(C) Inner 
dia.     
(nm)

Outer 
dia.(nm)

C2H4/H2

sccm
Ar              

sccm

FEAl08CNT256
750 10.5 13.8 180/140 150

FEAl09CNT264 750 10.7 16.8 150/140 150

FeAl10CNT269 750 8 11 150/140 150

FeAl08CNT273 750 5.5 9.8 180/140 200

FeAl09CNT277 750 8.5 12.1 210/140 150
FeAl08CNT296 750 6 9 180/90 150

a b

c d
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The nanotubes are clearly seen in above TEM images. The tubes crossed each

other because of ultrasonic vibrations. The inner and outer diameters of this sample 

nearly are 8 nm and 11 nm, respectively. The number of walls are 11 and there are also 

some lines like walls but they occured by vibrations of tubes .

  

Figure 5.20. Three TEM micrographs of FeAl08CNT296 with different magnifications

Aligned tubes can be seen in above TEM images; however there is no so closer 

image for this sample because of vibration, there is nothing to keep CNTs stable so 

a b

c
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there is no information about the wall number of these CNTs. Nearly, the outer and iner 

diameters of samples are 9 nm and 6 nm, respectively.

  

  

Figure 5.21. TEM micrographs of, a) FeAl08CNT 256 b) FeAl10CNT 269 c) FeAl08CNT 273 
d) FeAl09CNT 277

The four samples have different wall numbers, inner and outer diameters. The 

first sample, FeAl08CNT 256, has 6 walls; the inner and outer diameters are 10.5 nm

and 13.8 nm, respectively. The second sample is FeAl10CNT 269 with 4 wall numbers. 

The inner and outer diameters are 8 nm and 11 nm, respectively. The following one is 

a b

c d
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FeAl08CNT 273 which has 7 walls and it has 5.5 nm inner diameter and 9.8 nm outer 

diameters. The last one is FeAl09CNT 277. This sample has 8.5 nm inner diameter and 

12.1 nm outer diameters, nearly. For this sample, it is difficult to say something about 

wall numbers because of there is no closer images for CNTs. TEM images show all the 

carbon nanotubes are multiwall carbon nanotubes and it has been known that all 

multiwall nanotubes are metallic .

5.3. Electrical Measurement Results

Although graphene is a zero-gap semiconductor, CNTs can be semiconductors 

or metals with different size energy gaps (Dresselhaus, et al. 2004). The types of CNTs 

can give some information about their electrical properties. There are some techniques 

to determine the electrical properties of CNTs. Four point and two point contact 

techniques, STM or Raman Spectroscopy can be used to characterize the CNTs.

In this study, two point contact method was used. The vertical CNTs were 

diluted in pure ethanol and small quartz was coated with this CNT solution and a gold 

electrode was coated by termal evaporation system on this quartz. And then, contacts 

were made at the end points of gold electrode. The following step was receiving datas 

for determine the resistance of CNTs. While taking datas, a humidity sensor was used 

because the reaction of tubes with humidiy was researched.The results of this 

investigation will show that CNT can be used as a humidity sensor or not. It is known 

that the conductivity is increased with increasing humidity. Also, the humidity source 

was K2SO4  solution with % 94 humidity ratio.
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Figure 5.22. Photo of gold electrode with CNTs

  

Figure 5.23. SEM images of gold electrode with CNTs with different magnifications

The first graph is belonging to the empty electrode; it shows the resistance of 

empty electrode with different humidity ratios.

a b
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Figure 5.24. Resistance –Humidity graph of empty gold electrode

This graph shows that the resistance of empty gold electrode is nearly 3 108 Ω 

with roughly %55 humidity ratio and when the humidity ratio is decreased the 

resistance of electrode is increased.

The first CNT, analysed electrically, was FeAlO9CNT 297. Different 

parameters were applied for this sample such as, taking datas at the room condition and 

measuring resistance for long time to see if there is a changing with for a long time or 

not. The first graph for this sample is resistance - humidity graph.
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Figure 5.25. Resistance –Humidity graph of FEAlO9CNT 297
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It is seen in graph that the resistance of CNTs is nearly 28 Ohm, however it is 

not totally true  because   the relation of resistance and temperatur was not researched so 

there is no information about energy gap of CNTs. It can be said that CNTs are 

conductor because the resistance of electrode decrased from 3x108 Ohm to 28 Ohm. 

When humidity is roughly %80 and when the humidity is decreased the resistance is 

increased however, this changing is so small. It means that CNTs are not affected from 

humidity dramatically. The significant point is that the first coincedence of CNT and 

humidity shows an opposite reaction because the resistance is increased when the 

humidity is increased until the CNTs is filled with humidity, they shows the normal 

reaction. However, all the reaction and the all changing of CNTs are so small.
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Figure 5.26. Resistance –Humidity graph of FEAlO9CNT297 for along time

The above graph shows that the applyed time does not affect the reistance of 

CNTs because the resistance of CNT is still nearly 28 Ohm.



49

-4

-3

-2

-1

0

1

2

3

4

-0.15 -0.1 -0.05 0 0.05 0.1 0.15

iv-cnt 297-%26 Humidity-1

C
ur

re
nt

 

Voltage (V)

Figure 5.27. Current-Voltage (I-V) graph of FEAlO9CNT 297

The above graph is current –voltage graph and it is linear tendency. During 

measurement, 10 mV was applied .

Second sample is FEAlOCNT 273, the same procedure was done for this sample 

and the resistance humidity relation was observed and for this sample different range of 

humidity was applied to see the dramatical changing. The first figure, the following one, 

for this sample is resistance humidity graph.
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Figure 5.28 Resistance –Humidity graph of FEAlO9CNT273
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The humidity is changed between %80 and %45 and the total changing for 

resistance is only 0.4 Ohm and the resistance of CNTs for this sample is roughly 53 

Ohm. The following figure gives more information about the relation between the 

resistance of CNTs and the humiditiy. 

              

53.35

53.4

53.45

53.5

53.55

53.6

53.65

53.7

53.75

20

30

40

50

60

70

80

0 1000 2000 3000 4000 5000 6000

Rt_Rht-273humıdıty testı
Resistance (ohm) Relative Humidity (%)

Figure 5.29. Resistance –Humidity graph of FEAlO9CNT297 with different humidity ratio

For taking this data, six different solutions were used as a humidity source and 

each of them has a different humidity ratio between %30 and %85. In spite of 

dramatical changing of humidity ratio is seen in graph, the total changing of resistance 

0.35 Ohm. It shows again that humiditiy does not change the resistance of CNTs.
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Figure 5.30. Current-Voltage (I-V) graph of FEAlO9CNT 273

The above graph is current – voltage graph of FeAlO9CNT 273, again the line is 

perfect. 20 mV voltage was applied to take I-V graph. The third sample is FeAlO8CNT

276 and the normal procedure was applied also for this sample and the relation between 

the humidity and the resistance was observed and the resistance of CNTs was measured.
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Figure 5.31. Resistance –Humidity graph of FEAlO8CNT 276
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According to the graph, the resistance decreased to roughly 39 Ohm and this 

sample also gives the same results like the previous samples, the resistance is decreased 

so small with increasing humidity ratio.

The last sample is FeAlO8CNT 283, there is no TEM image for this sample so it 

is not known that how many walls this CNTs have.
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Figure 5.32. Resistance –Humidity graph of FEAlO8CNT 283

It is relaized that the resistance of the CNTs is seen nearly 52 Ohm and it means that the 

CNTs are metal, however it is not absolutely true because the resistivity of CNTs could not 

calculated . Also the changing ratio of humidity the resistance is not affected from this changing 

ratio.
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Figure 5.33. Current-Voltage (I-V) graph of FEAlO8CNT 283

This current- voltage graph was taken by applying 20 mV voltage and the line is 

perfect. It is not absolutely true however it cab be seen that CNTs are conductor.
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CHAPTER 6

CONCLUSION

In this thesis work, firstly parameters were optimized and the ideal conditions 

were investigated to grow vertically aligned carbon nanotubes. To optimize parameters, 

some significant parameters were examined and CNTs were characterized for their 

structural and electrical properties. 

In the first part, the supporting layer effect was examined for three different 

hydrocarbon gas / hydrogen gas ratio. SiO2 and Al2O3 were used as buffer layers to 

prevent the interaction between Si and metal catalyst film. One kind of sample had only 

one oxide layer which was Al2O3 the other kind of sample had both oxide layers. These 

samples were compared and according to results, the density of CNTs was denser on the 

surface of the sample which had two oxide layers. Only Al2O3 buffer layer was not 

enough to prevent the occurring metal silicide.

Moreover, the catalyst effect was performed for three different temperature 

value such as 650 0C, 700 0C, 750 0C. For this part, Iron and Cobalt catalyst thin film 

were compared at these temperatures. The results showed that Fe nanoparticles were 

more reactive with ethylene gas according to Cobalt particles. The density of CNTs was 

increased by using Fe and also increasing temperature. The diameters of CNTs were 

smaller when Fe catalyst nanoparticles were used.

Furthermore, the other significant parameter was Hydrogen pretreatment time 

effect on growth of CNTs. At high temperature and after Hydrogen pretreatment 

process, catalyst thin films reformed to catalyst nanoparticles. The diameters and the 

density of nanoparticles directly affected the diameters and density of CNTs. Seven 

different time parameters were examined for this part. After performing 0, 5, 10, 15, 20, 

25, 30 minutes Hydrogen treatment, the diameters and density of CNTs were compared. 

According to results, the diameters of nanoparticles decreased until the treatment time 

was 20 minutes. After 20 minutes, the catalyst particles started to agglomerate.

Finally, two point contact mode was used to measure the resistance of CNTs.

The resistance of CNTs was not measured absolutely because there was no opportunity
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to research the relation between resistance and temperature. Hence, there is no 

information about the energy gap of CNTs. Only, it can be said that, CNTs conduct 

electricity because they reduce the resistance of empty gold electrode from 3x108 Ohm 

to nearly 28-53 OhmThe resistance of carbon nanotubes increased with decreasing 

humidity except for the first coincidence of CNTs and humidity.  The significant point is 

that the first coincidence of CNT and humidity shows an opposite reaction because the 

resistance is increased when the humidity is increased until the CNTs are filled with humidity. 

However, humidity did not change the resistance of CNTs dramatically.
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