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ABSTRACT

The aim of this work was to develop coatings as possible replacements for tin-doped in-

dium oxide (ITO) systems. The alternative material of choice was carbon nanotubes, due

to their flexibility, the abundance of carbon element in nature, their high aspect ratio and

high electrical conductivity. Focusing on cost benefits, very thin multi-walled carbon nano-

tubes (MWNTs) were investigated rather than single-walled nanotubes (SWNTs) normally

presented in the literature. Moreover, spin coating sol-gel technique was performed as

a less expensive alternative to sputtering techniques used in the production of ITO films.

MWNTs were studied both as pure networks as well as embedded in conductive and in-

sulating matrixes. As networks, MWNTs presented sheet resistances as low as 20 kΩ/sq

with transparency in the visible range of 87%, values comparable to some of SWNT net-

works presented in the literature. MWNTs were investigated as additional conductive el-

ements in antimony-doped tin oxide (ATO) matrix. The results showed that the addition

of concentrations as low as 0.1 wt.−% MWNTs is sufficient to decrease the resistivity of

conducting ATO films by a factor of 16, with preserved transparency (90%) in the visible

range. Less ATO nanoparticles and lower temperatures of sintering are required in order

to obtain films with comparable resistivities and even higher transparency than that pre-

sented by ATO films reported in the literature. MWNTs have also provided resistivities in

the order of 10 Ω.cm-1 to an initially insulating TiO2 matrix. The transparency of these

films was, however, affected by the concentration of MWNTs necessary in order to reach

the percolation threshold. Although the studied coatings did not meet the requirements

necessary for a proper substitution of ITO in opto-electronic devices, their optical and elec-

trical response as well as their low cost and simplicity of preparation allow them to be

used in other applications where the high conductivity of ITO is not a requirement. The

structural, optical, mechanical and electrical properties of all coatings were studied using

different techniques and are demonstrated in this work.



ZUSAMMENFASSUNG

Das Ziel dieser Arbeit bestand in der Entwicklung von Schichten als Ersatz für Zinn-

dotiertes Indiumoxid (ITO). Das Material der Wahl waren Kohlenstoff-Nanoröhren aufgrund

ihrer Flexibilität, des häufigen Vorkommens von Kohlenstoff in der Natur, ihres hohen As-

pektverhältnisses und vor allem ihrer hohen elektrischen Leitfähigkeit. Während normaler-

weiser in der Literatur einwandige Nanoröhren (SWNTs) beschrieben werden, standen

in dieser Arbeit aus Kostengründen die mehrwandigen Kohlenstoff-Nanoröhren (MWNTs)

im Vordergrund. Außerdem wurde in dieser Arbeit die Rotationsbeschichtungstechnik in

Verbindung mit Sol-Gel-Verfahren eingesetzt. Diese ist eine günstigere Alternative zur

Sputtertechnik, welche zum Herzustellen von ITO-Schichten verwendet wird. MWNTs

wurden sowohl als Netzwerke, als auch eingebunden in leitfähige und isolierende Ma-

trices untersucht. In Netzwerken zeigten MWNTs Schichtwiderstände von 20 kΩ/sq und

eine Transparenz von 87% im sichtbaren Bereich des Lichtes, was durchaus vergleichbar

mit den Werten von SWNT-Netzwerken in der Literatur ist. Ferner wurden MWNTs als

leitfähige Additive in Antimon-dotierten Zinnoxid (ATO) Matrices untersucht. Die Ergeb-

nisse zeigten, dass bereits die Zugabe von 0.1 Gew.−% MWNTs ausreichend ist, um

den Widerstand einer leitfähigen ATO-Schicht unter Beibehaltung von 90% Transparenz im

Sichtbaren, um den Faktor 16 zu senken. Dadurch werden weniger ATO-Nanopartikel und

niedrigere Sintertemperaturen benötigt, um Schichten mit vergleichbarem Widerstand und

sogar höherer Transparenz als in der Literatur zu erhalten. Mit MWNTs ließen sich auch in

einer zuvor isolierenden TiO2-Matrix Widerstände in der Größenordnung von 10 Ω.cm-1

erreichen. Die Transparenz dieser Schichten wurde jedoch durch die Konzentration der

MWNTs, die für ein Erreichen der Perkolationsschwelle nötig waren, negativ beeinflusst.

Obwohl die in dieser Arbeit untersuchten Schichten die Spezifikationen, die für einen Er-

satz von ITO in opto-elektronischen Elementen nötig wären, noch nicht erreicht haben,

erlauben ihre optischen und elektrischen Eigenschaften, wie auch ihre niedrigen Herstel-

lungskosten und die Einfachheit ihrer Herstellung, sie in anderen Anwendungen einzuset-

zen, in denen die hohe Leitfähigkeit von ITO nicht erforderlich ist. Die strukturellen, op-



Zusammenfassung IV

tischen, mechanischen und elektrischen Eigenschaften aller Schichten wurden mit ver-

schiedenen Techniken untersucht.
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1. INTRODUCTION

This work was motived by the necessity to find replacements for tin-doped indium oxide,

which is constantly used as a thin film transparent electrode in most opto-electronic de-

vices. Although high-conductive tin-doped indium oxide (commonly called ITO) thin films

deposited by magnetron sputtering (MSP) have been in practical use for such applica-

tions, there are several reports in the literature on different transparent conductive oxide

semiconductors as well as alternative deposition methods, as presented in the Chapter 3,

Section 3.1 of this thesis. The necessity to replace ITO lies on the fact that a stable supply

of this material may become difficult to achieve for the recently expanding market of opto-

electronic devices, mainly because of the cost and scarcity of indium, the main element of

ITO. Another point of consideration is the high cost of MSP as a deposition method for ITO

coatings. In this case, sol-gel techniques would represent a more attractive alternative,

since they enable coating on a desired shape and area and provide easy control of the

doping level, solution concentration and homogeneity without the need of expensive and

complicated equipments [1].

A significant discovery was that of carbon nanotubes (CNTs) [2], which are essentially

single graphene layers wrapped into tubes, either single-walled (SWNT) or multi-walled

(MWNT) formed into several concentric layers. More information about this material is

provided in Chapter 2, Section 2.2. Nanotubes possess unique mechanical and electronic

properties which make them promising building blocks for molecular electronics, such as

high electrical conductivity (3× 104 S/cm) and intrinsic high aspect ratio (> 103). This

combination of properties together with their small diameter and light weight allows the

formation of conductive networks through a host material with tunable electrical resistiv-

ity. For the fabrication of composite materials, carbon nanotubes have an advantage in

comparison with other conducting particles. Since conduction is by electrical charge per-

colation from particle to particle through the coating, typically the matrix material must be

filled with high loading levels of the conductive media (higher than 50 wt.−%) to reach sig-

nificant electrical conductivity. This high loading levels normally result in poor mechanical
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and optical properties. In the carbon nanotube case, the composites reach the electrical

percolation threshold at much lower loading levels (sometimes as low as 0.04 wt.−% in

the case of SWNTs), what, consequently, does not affect other properties of the matrix

material, such as its optical transparency.

Compared to existing transparent conductor technologies, CNT-based films could have

a number of potential advantages. These include the use of an abundant material (carbon)

with high aspect ratio, flexibility and easy solution processability. A review on CNT-based

materials with this purpose is given in Chapter 3, Section 3.2. Taking advantage on the

potential of nanotubes and considering the problematic regarding the use of ITO, it was

the aim of this work to study carbon nanotube-based coatings as alternative materials for

transparent conductive systems (Chapter 4). Since the cost benefits were one of the prior-

ities in this study, low-cost, commercial multi-walled carbon nanotubes (MWNTs) produced

by the chemical vapor deposition process (CVD) were investigated. Moreover, the sol-gel

spin coating process was chosen as deposition method for the films on borosilicate sub-

strates, since it is a fast, relatively simple method which requires small amount of precursor

materials and has a high reproducibility. The experiments performed in this work are listed

in Chapter 5, followed by the discussion of the obtained results in Chapter 6. Finally, the

results of this thesis are summarized in Chapter 7. The thesis contains also an Appendix

(Section 9), where technical and extra information are provided.



2. THEORETICAL BACKGROUND

This chapter will introduce the reader to the materials most used nowadays as transpar-

ent conductive coatings (2.1) and to carbon nanotubes (2.2). Since multi-walled carbon

nanotubes were the material of choice in this investigation, special attention is given to this

type of nanotubes in Section 2.2.1. Aspects such as fabrication and purification methods,

dispersion in different media (2.2.2) and applications of CNTs (2.2.3) are presented. Also

the percolation theory in which the concentration of carbon nanotubes plays an important

role for the conductivity of CNT-based composites is reported in the last Section of this

Chapter (2.2.4).

2.1 Transparent conducting oxides

Transparent conducting oxides (TCOs) are the most commonly used materials to pro-

duce transparent conducting films. They are essentially based on oxides such as In2O3,

SnO, ZnO and CdO. These materials are usually insulators and have a wide band gap

(> 3 eV ) and excellent transparency in the visible region. To provide them conductivity,

non-stoichiometry and/or appropriate dopants, like Sn for In2O3, Sb or F for SnO2, and Al

or Ga for ZnO, should be introduced in order to create an electron degeneracy in the wide

band gap [3]. The large free-carrier concentrations attainable in these high conductivity

oxides shift the plasma-reflection edge to near-infrared wavelengths and induce high re-

flectivities beyond the plasma edge. This property, in combination with high transparency

to solar radiation, can be exploited for applications such as heat-reflective coatings in solar

thermal collectors [4]. Taking advantage of additional properties of these materials, such

as mechanical hardness and good environmental stability, numerous other applications

have been reported, including flat panel displays, thin film transistors, electroluminescent

devices, gas sensors, organic light emitting diodes, solar cells and in demisting and deicing

glasses for automotive, train and aircraft industries [5–8].
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The dominant transparent conducting oxides vastly studied in the last thirty to forty

years are listed below.

2.1.1 Tin oxide

Tin oxide (SnO2) was the first transparent conductor to have received significant attention

and commercialization. It is an n-type, chemically stable, wide band gap semiconductor

(Eg = 3.97 eV ) with a transmittance cut off at 330 nm and a refractive index in the visible

spectral range of about 2.0 [9, 10]. It is largely used as a transparent conductive layer for

ovens and electrodes [11], in the fabrication of gas sensor devices [12], white pigmented

conductive paint coatings [13], and as active catalyst for the partial oxidation and the amino

oxidation of olefins [14]. Tin oxide has a tetragonal (rutile) structure [15]. Each tin atom

is at the center of six oxygen atoms placed approximately at the corners of a regular

octahedron and every oxygen atom is surrounded by three tin atoms located approximately

at the centers of an equilateral triangle, as shown in Fig. 2.1.

Fig. 2.1: Structure of tin (IV) oxide.

SnO2 is an insulator or at most an ionic conductor when it is stoichiometric. The forma-

tion of oxygen vacancies in the lattice (for example, by heating the material in a reducing

atmosphere) leads to a non-stoichiometry state and gives rise to free electrons which

make the material conductive. This non-stoichiometry is, however, metastable. Stable

conductivity of SnO2 thin films is normally obtained by doping the coating with ions such

as fluorine [16,17], antimony [18,19], or boron [20]. The doping is done by controlling the

valence mechanism: the dopant should be either a higher valency cation (e.g. Sb5+) or a
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lower valency anion (e.g. F−) than tin, providing additional electrons to the semiconducting

material.

Doping of SnO2 with antimony results in a larger grain size (about 600 Å) with no

change in the lattice parameters [21]. Clearly, the dopant is incorporated substitutionally.

Doping also affects the preferred orientation of crystallites [22, 23]. The doping of SnO2

with antimony gives rise to a donor level at 35 meV [24]. Antimony doping in SnO2 films

results also in a large shift in the fundamental absorption edge [21,25], which is attributed

to the Moss-Burstein effect [26].

Different deposition techniques can be used in the production of tin oxide films, for

instance, spray pyrolisis [27, 28], chemical vapour deposition (CVD) [29], sputtering [30],

evaporation [31,32] and also sol-gel deposition methods [33,34].

2.1.2 Indium oxide

Indium oxide (In2O3) is the most widely used material for transparent conductive materials

in technical applications due to its superior electrical properties, combined with high trans-

parency and high infrared reflectivity [35]. In2O3 exists in a modified cubic crystallographic

phase called the bixbyite structure (also called c-type rare earth oxide structure) with two

non-equivalent In sites, 16 molecules (80 atoms) per unit cell and a lattice constant of

1.012 nm [36–38], as demonstrated in Fig. 2.2.

Fig. 2.2: Structure of indium oxide.

The band structure of In2O3 is not well understood. Well accepted is the explanation

of the conductivity mechanism by Hamberg and Granqvist [39], who assumed a simple
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parabolic band structure characterized by an effective mass m•c , for the conduction band

and m•c , for the valence band, with a direct band gap of 3.75 eV .

In2O3 is a poor conductive material when it is stoichiometric. The conductivity is

strongly enhanced by a reducing treatment or by doping the lattice with an appropriate

dopant such as Sn. The reducing process of indium oxide material creates oxygen vacan-

cies, each one leaving two extra electrons in the lattice. The donor state lies just below the

conduction band. High electron concentrations (1017− 1020 cm-3) can be achieved with

an oxygen deficiency (e.g. In2O3−x) or an excess of metal atoms (e.g. In2+yO3).

The doping process leads to controlled valence semiconductors. The replacement

of indium by higher valence cations as aluminium, titanium, zinc, germanium and tin,

increases the n-type conductivity, the last element being the most popular for this pur-

pose [40, 41]. In tin doped indium oxide (ITO), Sn replaces the In3+ atom in the cubic

bixbyite structure by substitutional doping. An Sn atom forms an interstitial bond with oxy-

gen and exists either as SnO or SnO2. The valence state has a decisive effect on the

ultimate conductivity of ITO. The low valence state, Sn2+, acts as a trap for the charge car-

riers and therefore reduces the electrical conductivity, as there is a lower concentration of

free electrons. On the other hand, Sn4+ acts as a n-type donor releasing one free electron

to the conduction band. In fact, both substitutional Sn4+ and oxygen vacancies contribute

to the high conductivity, and the chemical formula of the material can be represented as

In2−xSnxO3−2x. ITO films have a lattice parameter close to that of indium oxide and lies

in the range of 1.012 to 1.031 nm, which has been found to depend on the deposition

parameters [42].

The high conductivity of ITO films is due to the high carrier concentration rather than

to the high Hall mobility [35]. The observed low mobility of ITO, compared to that of bulk

In2O3, and its dependence on carrier concentration and deposition temperature has been

explained in terms of scattering mechanisms due to ionized impurities or grain bound-

aries. The high degree of crystallinity obtained by depositing the film at high temperature

enhances the mobility of the films [43].

The high optical transmittance of ITO films is a direct consequence of the wide band

gap of the semiconductor. The direct band gap ranges from 3.5 to 4.1 eV , so that the

fundamental absorption edge lies in the ultraviolet region. It shifts to shorter wavelength

with increasing the carrier concentrations, n, due to the Moss-Burstein shift [26, 44]. The

transmittance of ITO films is also influenced by the surface roughness and optical inhomo-

geneity in the direction normal to the film surface.

ITO thin films have been obtained by many deposition techniques such as spray pyrol-
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ysis [45], ion beam pulsed laser deposition [46,47], sol-gel deposition techniques [48–51]

and sputtering [52–54], the last technique being the most extensively used.

ITO coatings are used as transparent heating elements for aircraft and car windows,

antistatic coatings over electronic instrument display panels, heat reflecting mirrors, antire-

flection coatings and even in high temperature gas sensors. Many electro-optic devices

such as display devices, solar cells, light emitting and photo diodes, photo transistors and

lasers use ITO coating as electrodes [55]. However, if the increase in usage of ITO films

for flat panel displays and solar cells continues, not only will the price of ITO keep rising,

but also the availability of In may be jeopardized in the near future due to limited capacities

in the few deposits worldwide [56].

2.1.3 Zinc oxide

Zinc oxide (ZnO) is also an important material used in many fields of applications [57]. It is

an n-type semiconductor with poor electrical conductivity in its pure state and has a direct

band gap of about 3.2 eV . Zinc oxide is a tetrahedrally coordinated solid that crystallizes

in the wurtzite structure demonstrated in Fig. 2.3.

Fig. 2.3: Structure of zinc oxide.

The electrical conductivity of intrinsic ZnO materials is mainly due to an excess of zinc

in interstitial positions. The electrical properties of zinc oxide materials can be improved

by thermal treatment in hydrogen, or by an appropriate doping process, by cationic substi-

tution, using ion dopants like Al, Ga, Si, Ge, Ti, Zr or H f [58, 59], the first two elements
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being the most studied. This is attributed to the fact that the ionic radio of Al3+ and Ga3+

are slightly smaller than that of Zn2+, in comparison with the other ions.

Doped zinc oxide films are extensively studied due to their high optical transmission

and electrical conduction. They have great potential for application in solar cells [60],

displays and as low emissivity coatings in windows [61]. ZnO films have been prepared by

many techniques such as reactive evaporation [62], sputtering [63,64], spray pyrolysis [65]

and by sol-gel deposition methods [66,67].

2.2 Carbon Nanotubes

Iijima’s report in 1991 [2] has brought carbon nanotubes (CNTs) into the awareness of the

scientific community as a whole (Fig. 2.4). Since then, a lot of research has been per-

formed in order to elucidate their properties [68–70] and the prospect of developing novel

nanomaterials based on these structures is constantly increasing [71, 72]. The worldwide

interest among researchers in the study of carbon nanotubes is reflected by the elevated

number of publications in the field in the last years, as shown in Fig. 2.5.

Fig. 2.4: Transmission electron microscopy images of multi-walled coaxial nanotubes with
various inner and outer diameters and numbers of cylindrical shells [After Iijima, 1991].
(a) Five graphitic sheets, diameter 6.7 nm; (b) Two-sheet tube, diameter 5.5 nm; and (c)
Seven-sheet tube, diameter 6.5 nm.
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Fig. 2.5: Publications related to carbon nanotubes since 1991 (Source: search on the
“Web of Science” for publications containing the keyword “carbon nanotube”).

There are two main types of CNTs with high structural perfection: single-walled nano-

tubes (SWNTs) (Fig. 2.6a), which consist of a single graphene sheet seamlessly wrapped

into a cylindrical tube, and multi-walled nanotubes (MWNTs) (Fig. 2.6c), which comprise

an array of concentric cylinders. Most frequently, the diameter of CNTs varies roughly be-

tween 0.4 and 3 nm for SWNTs and from 1.4 to 100 nm for MWNTs [73]. SWNTs often

aggregate into bundles (ropes) of weakly interacting tubes that can easily slide on each

other, as depicted in Fig. 2.6b. These bundles can contain up to several hundred SWNTs

arranged in a hexagonal lattice [74].

SWNTs and MWNTs are usually produced by arc-discharge [75,76], laser ablation [77],

chemical vapour deposition (CVD) [78], or gas-phase catalytic process (HiPco) meth-

ods [79]. Up to now, all currently known production methods generate CNTs with impuri-

ties, normally consisting of carbon-coated metal catalysts and amorphous carbon. Also,

structural defects such as dangling bonds are often found in most types of CNTs [80]. The

main techniques applied for purification of CNTs are oxidation of contaminants [81, 82],

flocculation and selective sedimentation [83], filtration [84], size-exclusion chromatogra-

phy [85], selective interaction with organic polymers [86], or microwave irradiation [87–89].

However, considerable problems remain for most of the present purification techniques.

Some of these methods rely on the difference in resistance to oxidation, either thermal or
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Fig. 2.6: Models of different kinds of carbon nanotubes: (a) a single-walled nanotube; (b)
a rope of single-walled nanotubes; and (c) a multi-walled nanotube.

chemical, between CNTs and impurities. Since this difference is often marginal, significant

quantities of CNTs are destroyed or altered before all impurities are removed. Alternatively,

non-destructive methods such as microfiltration or size-exclusion chromatography can be

employed, but tend to be slow and are considered as inefficient processes.

The most important general properties of carbon nanotubes are briefly stated below.

Electrical conductivity: Carbon nanotubes with a small diameter are either semicon-

ducting or metallic, depending on their chiral vector. The differences in conducting

properties are caused by the molecular structure that results in a different band

structure and thus a different band gap. The differences in conductivity can easily

be derived from the graphene sheet properties. A (n,m) nanotube is metallic when

the following rule is satisfied: n = m or (n−m) = 3i, where i is an integer and n

and m define the nanotube. The conductivity is determined by quantum mechanical

aspects and was proved to be independent of the nanotube length [90].

Chemical reactivity: The chemical reactivity of a CNT is, compared with a graphene

sheet, enhanced as a direct result of the curvature of the CNT surface. Therefore,

a distinction must be made between the sidewall and the end caps of a nanotube.

For the same reason, a smaller nanotube diameter results in increased reactivity.

Covalent chemical modification of either sidewalls or end caps has shown to be pos-

sible. Though, direct investigation of chemical modifications on nanotube behaviour

is difficult as the crude nanotube samples are still not pure enough [91].



2. Theoretical Background 11

Optical activity: Theoretical studies have revealed that the optical activity of chiral nano-

tubes disappears if the nanotubes become larger [92]. Therefore, it is expected that

other physical properties are also influenced in this case. Use of the optical activity

might result in optical devices in which CNTs play an important role.

Mechanical strength: Carbon nanotubes have a very large Young modulus in their axial

direction. The nanotube as a whole is very flexible because of its great length.

Therefore, these compounds are potentially suitable for application in composite

materials that need anisotropic properties [93].

2.2.1 Multi-Walled Carbon Nanotubes

A multi-walled carbon nanotube (MWNT) consist of several single-walled carbon nano-

tubes (SWNTs) that are concentrically nested. They show a predominant metallic be-

haviour since they have several shells and larger diameters than SWNTs. Due to their

larger diameter, they show less distinct one-dimensional features.

MWNTs take an intermediate position between the world of identical molecules and

disordered solids. On one hand, they can be considered as a set of seamlessly rolled up

graphene sheets which are put one into another. In this respect, they have to be classified

as perfect molecules. On the other hand, their typical length of several micrometers and

diameters up to 100 nm exceed by far the dimensions of most other molecular systems.

Their large size allows the occurrence of imperfections of the atomic structure, without

turning the molecule into a completely different one, what would be the case for smaller

systems. Such imperfections are introduced, for instance, by atomic displacements and

adsorbates on the outermost nanotube shell. In this sense, MWNTs represent a disor-

dered molecular system, in which electronic transport is influenced both by the molecular

wavefunctions and the imperfections of the atomic structure [94].

In the last years, large effort has been made in order to clarify and characterize the

transport properties of MWNTs [95]. One main reason for that is the fundamental interest

in electronic transport on a molecular scale, which is most easily accessed with MWNTs.

Furthermore, a variety of microelectronic devices bear the perspective of being assembled

by nanotubes [96,97].

Despite the extensive efforts, the electronic properties of MWNTs have not been clar-

ified to a satisfying extent. For example, the interaction of adjacent nanotube shells is not

clear, since in the measurement only the outermost shell is contacted. If only the outer-
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most shell of a structural perfect MWNT is contacted, then only this shell will contribute

to the current transport. The current transport through the inner shells is hindered and

requires intertube tunnelling [98]. Intertube tunnelling will be additionally hindered if an

adjacent shell is semiconducting.

Generally, the electronic properties of a MWNT will largely depend on the fabrication

method (arc discharge, evaporation, catalytic chemical vapour deposition) and the treat-

ment after growth (cleaning, oxidation, ultrasound, lithography). MWNTs with very high

structural perfection have been produced by arc-discharge evaporation using a pure car-

bon arc. Ballistic transport has been reported for unprocessed nanotube material obtained

by this method [99,100].

To properly exploit the potential of MWNTs, it is very important to achieve conduction

through all of their (metallic) layers. This might be possible by alloying formation or con-

tacting open-ended MWNTs. Relatively low contact resistances (< 5 kΩ/sq) have been

reported for instance by TiC formation after annealing of Ti/Au contacts between 600 and

800 ◦C [101]. In particular, alloy formation will be crucial if the outermost shell is semicon-

ducting. This avoids the possibility that the MWNT is only contacted via a Schottky barrier.

A Schottky barrier would considerably increase the contact resistance and make the trans-

port gate dependent. This effect has been experimentally observed during thinning of a

MWNT by electric breakdown [102].

2.2.2 Dispersion of Nanotubes

Nano-scale dimensions of CNTs turn dispersion into a challenge, since as the surface

area of a particle increases, so does the attractive forces between aggregates [103]. High

aspect ratios, combined with high flexibilities [104], increase the possibility of nanotube en-

tanglement and close packing. The low dispersibility steams from the tendency of pristine

nanotubes to assemble into bundles or ropes, which contain hundreds of close-packed

CNT tightly bound by van der Waals attraction energy of 500 eV/µm of tube-tube con-

tact [105].

CNTs have been dispersed in polymers, surfactants and different organic solvents.

Bonard et al. [83] noted that stable dispersion of nanotubes could not be formed in or-

ganic solvents such as ethanol, methanol and acetone. Nanotubes in these solvents have

a tendency to form large aggregates of about 100 µm, which sediment rapidly. Nano-

tubes also exhibit poor sensitivity to inorganic solvents due to the poor reactivity of the

closed graphene structure. The method of synthesis of the nanotubes also highly influ-
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ences on their dispersion. Highly polar solvents such as N,N-dimethylformamide (DMF),

N-methylpyrrolidinone (NMP), and hexamethylphosphoramide (HMPA) were found to prop-

erly disperse SWNTs prepared by laser-oven [106]. In addition, stable suspensions of

SWNTs were prepared by sonicating purified material in DMF [107]. Purified SWNTs ob-

tained by oxidation were found to dissolve in aromatic amines [108], what was explained by

the formation of charge-transfer complexes between amine solvent molecules and SWNTs.

The dispersibility of SWNTs prepared by the HiPco method was studied in several or-

ganic solvents and investigations by UV/VIS absorption spectroscopy have shown that

1,2-dichlorobenzene is the most appropriate medium [109].

2.2.2.1 The effect of surfactants

Dispersing agents, such as surface-active agents, have been used to disperse fine parti-

cles of hydrophobic materials in aqueous solution [110, 111]. In general, there are three

principles for dispersing fine particles in water [112]: (i) the repulsion between the parti-

cles with their zeta potentials, (ii) the steric hindrance of the adsorption layer, and (iii) the

reduction of hydrophobic linkages among dispersed particles.

One can understand the effect of adding a charged surfactant by considering Stokes’

Law [113] for the rate of sedimentation of a dispersed system:

dx
dt

=
d2(p1− p2)g

18η
(2.1)

where d is the size of the particle, p1 and p2 are the densities of the solid and liquid, g is

the acceleration due to gravity and η is the viscosity of the liquid.

The charged surfactant produces a potential between the particles called the Zeta

Potential (ζ), derived by Smoluchowski [114] as

µ =
ζε

η
(2.2)

where µ is the electrophoretic mobility and ε is the permittivity of the liquid.

As ζ rises, the repulsion between the particles becomes stronger and the stability of

the dispersion system gets higher. As ζ→ 0, the electrostatic build up is relaxed, allowing

easier aggregation. When the absolute value of ζ is higher than 25 mV colloids are very

stable, but at ζ = 0 coagulation occurs.

In the case of nanotubes in a water solution, if the nanotubes are close enough to each
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other they will fall into the secondary minimum and flocculate. They can be temporarily

separated again by sonication, but this is followed by a slower process of re-flocculation

making the colloid unstable [115]. By adding a surfactant, the particles are kept apart

through increased electrostatic repulsion.

Surfactants provide one of the most efficient and non-intrusive ways of preparing stable

CNT dispersions. This non-covalent method is straightforward and classically employed to

disperse both organic and inorganic particles in aqueous solutions. The nature of surfac-

tant, its concentration and type of interaction are known to play a crucial role in the phase

behaviour of classical colloids [116] as well as carbon nanotubes [117]. Surfactants are

classified in three types according to the charge types of their hydrophilic “heads”: non-

ionic, cationic or anionic. They may have non-polar and lipophilic “tails” with hydrocarbons.

The hydrophile-lipophilic balance (HLB) between head and tail can be used as a measure

to determine the effect of surfactant on the stability of the dispersion of nanotubes in water.

In principle, a more stable dispersion of nanotubes is achieved with surfactants that have

lipophilic alkyl chain lengths equal to that of a decyl group or longer. Recently, however, it

has been shown that the dispersion state of the nanotubes does not depend on the total

solubility parameter of solvents or the HLB value of the surfactant, but on the dispersive

component of the solubility parameter. Stable nanotube dispersions were obtained when

the dispersing media had dispersive component values higher than 16.5 MPa1/2 and mo-

lar volumes larger than 179.5 cm3/mol [118]. Also to be considered is the concentration

of surfactants in water, which should not exceed in much the critical micellar concentration

(CMC) of the surfactant. Above this concentration, surfaces are saturated by the surfactant

and the remaining surfactant molecules begin to aggregate into micelles. In a surfactant

micelle both the head and tail groups adopt a position that maximizes their interactions

with like groups only.

Water-nanotube suspensions containing the ionic surfactant sodium dodecylsulphate

(SDS) are often seen in the literature as stable for several weeks with only a few nanotubes

aggregates [119, 120]. However, some groups have demonstrated insufficient debundling

power of the this surfactant due to charge-repulsions [121]. Moore et al. [122] studied a

series of anionic, cationic and non-ionic surfactants for their ability to suspend individual

single-walled nanotubes. A non-ionic surfactant’s ability to suspend nanotubes appears to

be due mostly to the size of the hydrophilic group, with higher molecular weights suspend-

ing more nanotube material because of enhanced steric stabilization with longer polymeric

groups. Whitsitt and Barron [123] explained the high efficiency in dispersing SWNTs of the

surfactant dodecyl-trimethylammonium bromide as a consequence of the pH stability of
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the surfactant-SWNT interaction.

Some controversy exists as to the form taken by a nanotube dispersed in a surfactant

solution. It has been postulated that SWNTs form the core of cylindrical micelles of surfac-

tants (Fig. 2.7a) or are coated by adsorbed hemimicellar surfactants (Fig. 2.7b) [124,125].

Yurekli et al. [117], however, refute the formation of cylindrical micelles in aqueous dis-

persions of SDS and suggest that structureless random adsorption with no preferential

arrangement of the head and tail of the surfactants is responsible for the stabilization of

the dispersion (Fig. 2.7c).

Fig. 2.7: Schematic representations of different mechanisms by which surfactants help
disperse SWNTs [After Yurekli, 2004]. (a) SWNT encapsulated in a cylindrical surfactant
micelle (right: cross section view); (b) hemimicellar adsorption of surfactant molecules on
a SWNT; and (c) random adsorption of surfactant molecules on a SWNT.

2.2.2.2 Dispersion techniques

Mechanical methods and methods that are designed to alter the surface energy of the

solids (physically or chemically) have been employed in order to obtain stable and repro-

ducible dispersions of individual CNTs. Ultrasonic dispersion, for example, uses sound

waves above the limits of human audibility to separate particles in a liquid. Frequencies

greater than 18 kHz are considered to be ultrasonic, and dispersion occurs with the col-

lapse and implosion of myriad cavitation bubbles throughout an ultrasonically activated
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liquid. Czerw et al. [126] noted that extremely strong sonication with a sonic probe was re-

quired to disperse the nanotubes. O’Connell et al. found that sonication does not substan-

tially damage nanotube sidewalls [127]. With high shear, these ropes can be untangled,

but it is extremely difficult to further disperse them at the single-tube level. However, this

limitation can be overcome by introducing various functional groups on the CNT surface

that can help dispersion in a composite material. The surface functionalization of CNTs

aid to improve their chemical compatibility with the target medium, reducing their tendency

to agglomerate [128].

2.2.3 Applications of Carbon Nanotubes

Among the many applications that have been envisioned for CNTs, polymer compos-

ites [129], anti-static coatings [130], field-effect transistors [131], gas sensors [132], pH

sensors [133], field-emission displays [134], and solar cell electrodes [135] appear to be

the most promising areas. CNTs have been considered to be novel components for molec-

ular electronics and for integration into conventional circuits [136–138].

The unique structural and mechanical properties of CNTs make them ideal candidates

for incorporation into new families of composite materials. Interestingly, CNT-polymer com-

posites, could be tougher and more scratch-resistant than any other materials [139–142].

Recently, CNTs have been used as field-emission electron sources [143, 144]. This

technology finds applications in the construction of flat panel displays and X-rays to mi-

crowave generators [145–148].

Finally, storage of hydrogen on CNTs could represent a great development on fuel-

cells and a milestone toward energy-clean systems. However, despite the exciting poten-

tial and the progress made so far, the results are controversial. For example, there have

been many reports claiming high and efficient hydrogen storage on CNTs that, however,

have often been disputed [149–152]. The highest reported hydrogen storage capacity on

SWNTs exceeds 10 wt.−% and the smallest values approach zero, with the main rea-

son for these discrepancies being the differences in CNT sample quality (e.g. production

method, purification, handling, etc).
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2.2.4 Percolation of conductive additives

In selecting a conductive additive, there are three primary considerations: (a) intrinsic

conductivity of the additive; (b) loading level; and (c) the geometry of the additive.

For a fixed intrinsic conductivity and geometry, the conductivity (or, inversely, the resis-

tivity) of the compound undergoes a classic curve as a function of loading, as that shown

in Fig. 2.8 [153]. At around 30% loading in this example, there is a sudden transition to a

conductive compound. The sudden lowering of resistivity with loading is governed entirely

by the geometry of the additive (assuming complete dispersion in the host material). For

low resistivity, long conductive pathways are required, obtained only when there is a high

enough density of particles to touch one another and form chains over long distances.

Therefore, the key geometric element is the aspect ratio (length to diameter ratio) of the

additive. In order to achieve a given conductivity, a low aspect ratio additive such as carbon

black (which is roughly spherical) requires a higher loading (providing that all other matters

such as dispersion are equal) than graphite fibres, for example, which have much higher

aspect ratios.

Fig. 2.8: Typical curve demonstrating the behaviour of the resistivity measured as a func-
tion of the loading of nanotubes [After Colbert, 2003].

The idea of percolation networks is shown in Fig. 2.9. Below the threshold loading,

conductivity is poor, but increases suddenly and significantly above the threshold, as par-

ticles form long touching chains [154]. This percolation pathway theory can also be used
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Fig. 2.9: Representation of percolation networks showing the concentration necessary to
form a conducting pathway.

to partly describe the electrical conductivity in CNT composites. The basic principle is not

about conductivity, but about arrangement and concentrations of CNTs in composite ma-

terials. If the insulating polymer is considered to be a matrix in which CNTs are randomly

positioned, then the conductivity partly depends on the concentration of CNTs. Consider-

ing a red square in Fig. 2.9 as a CNT in the polymer matrix and that the composite (matrix)

is supposed to conduct from top to bottom, one can say that, in the situation “below per-

colation threshold”, CNTs are not connected from top to bottom. In the second case, a

sufficient number of CNTs is added to form a conducting pathway in this direction. This

is the so-called “percolation threshold”. In the case (“above percolation threshold”), an

enormous increase in conductivity is expected when the concentration of CNTs exceeds

the percolation threshold. A typical representation for CNTs in composites could be as that

depicted in Fig. 2.10.

Fig. 2.10: A schematic representation of the surface of a CNT-polymer composite where
CNTs percolate.



3. STATE OF THE ART

The literature review presented in this Chapter will familiarize the reader with the depth,

breadth and scope of the research topic and establish the body of knowledge that this re-

search will contribute to. It starts reviewing the transparent conductive coatings most stud-

ied as transparent electrodes (Section 3.1), paying special attention to coatings prepared

by sol-gel techniques (Section 3.1.2). The last part of the Chapter reports the progress

made on CNT-based composites and networks (Section 3.2). Finally, the definition of the

problematic in the field of this research will serve as the baseline to justify the approach

proposed here.

3.1 TCOs

3.1.1 TCO semiconductors for thin-film transparent electrodes

In general, TCO thin films that are in practical use as transparent electrodes are poly-

crystalline or amorphous (except for single crystals grown epitaxially) and exhibit a resis-

tivity of the order of 10-3 Ω.cm or less and an average transmittance above 80% in the

visible range [155]. Thus, TCO semiconductors suitable for use as thin-film transparent

electrodes should have a carrier concentration of the order of 1020 cm-3 or higher and

a band gap energy above approximately 3 eV , i.e., degenerated n-type or p-type semi-

conductors. Historically, most research to develop TCO thin films as transparent elec-

trodes has been conducted using n-type semiconductors; in practice, TCO thin films used

as transparent electrodes are n-type semiconductors consisting of metal oxides. On the

other hand, many reports have been also reported on p-type semiconductor-based thin

films [156–159]. Nevertheless, there has been no report on the preparation of a p-type

TCO thin film suitable for use as a practical transparent electrode.

For the purpose of obtaining lower resistivities, various TCO semiconductor materials



3. State of the Art 20

have been developed; n-type TCO semiconductors now available for thin-film transpar-

ent electrodes both as binary or ternary compounds are listed in Table 3.1, grouped by

compound type and associated with their effective dopants [160]. It should be noted that,

although the dopants have to be considered in their compound forms, they will be written

along this text as they are normally presented in the literature, i.e. in their cation or an-

ion forms (antimony-doped tin oxide, for example, will be written as Sb : SnO2 rather than

Sb2O3 : SnO2).

One advantage about the use of binary compounds as TCO materials is the easier

controlling of the chemical composition in the film depositions, compared to ternary com-

pounds and multicomponent oxides. Up to now, various TCO thin films consisting of binary

compounds such as SnO2, In2O3, ZnO and CdO have been developed, with impurity-

doped SnO2 (SnO2 : Sb and SnO2 : F), impurity-doped In2O3 (In2O3 : Sn, known as ITO)

and impurity-doped ZnO (ZnO : Al and ZnO : Ga) films in practical use [161]. In addition, it

is well known that highly transparent and conducting thin films can also be prepared using

metal oxides without intentional impurity doping [35]. The resulting films are n-type degen-

erated semiconductors with free electron concentrations of the order of 1020 cm-3 provided

by native donors such as oxygen vacancies and/or interstitial metal atoms. However, since

undoped oxide films were found to be unstable when used at a high temperature, binary

compounds without impurity doping have proved unusable as practical transparent elec-

trodes [162]. The reported effective dopants are also listed in Table 3.1, along with their

associated binary compounds.

In addition to binary compounds, ternary compounds such as Cd2SnO4, CdSnO3,

CdIn2O4, Zn2SnO4, MgIn2O4, CdSb2O6 and In4Sn3O12 have been developed [163–165].

Multicomponent oxides materials consisting of combinations of binary compound TCOs

[166] or combinations of ternary compound TCOs have been also reported in the litera-

ture [167]. There are only a few reports on the effect of impurity doping, due to the lack of

an effective dopant. As a result, TCO films fabricated from these ternary compounds are

not in practical use yet.

From Table 3.1, one can see that TCO semiconductors for thin film transparent elec-

trodes in practical use consist on metal oxides containing at least one of the following

metal elements: Zn, Cd, In and Sn. Although producing a low resistivity thin film, it should

be noted that Cd-containing TCO semiconductors such as In-doped CdO (CdO : In2O3),

Cd2SnO4, CdSnO3 and CdIn2O4 are of no practical use because of the toxicity of Cd [168].

For thin-film transparent electrodes, TCO semiconductors such as impurity-doped ZnO,

In2O3 and SnO2 and multicomponent oxides composed of combinations of these binary
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Table 3.1: TCO semiconductors used as thin-film transparent electrodes.

Material Dopant

SnO2 Sb, F , As, Nb, Ta
In2O3 Sn, Ge, Mo, F , Ti, Zr, H f , Nb, Ta, W , Te
ZnO Al, Ga, B, In, Y , Sc, F , V , Si, Ge, Ti, Zr, H f
CdO In, Sn

ZnO−SnO2 Zn2SnO4, ZnSnO3
ZnO− In2O3 Zn2In2O5, Zn3In2O6
In2O3−SnO2 In4Sn3O12
CdO−SnO2 Cd2SnO4, CdSnO3
CdO− In2O3 CdIn2O4

GaInO3, (Ga, In)2O3 Sn, Ge
CdSb2O6 Y

ZnO− In2O3−SnO2 Zn2In2O5 - In4Sn3O12
CdO− In2O3−SnO2 CdIn2O4 - Cd2SnO4

compounds are the most suitable candidates for practical use.

3.1.2 TCO films made by the sol-gel technique

TCOs are usually prepared by chemical vapor deposition (CVD), physical vapor deposition

(PVD) or by spray pyrolysis techniques [169, 170]. However, these methods require high

manufacturing costs and are not appropriate for large-size substrates, besides presenting

a relatively low deposition rate. Sol-gel techniques can be an advantageous alternative in

this sense, once they provide a low manufacturing cost, uniform thickness of coating and

require low processing temperature [1,171,172].

3.1.2.1 In2O3 based coatings

Daoudi and co-authors [173] fabricated ITO multi-layered films by a dip coating process us-

ing tin and indium chlorides as precursors. A minimum global resistivity of 2.9×10-3 Ω.cm

was obtained for 3 layer films annealed at 500 ◦C while the value of 2×10-3 Ω.cm was ob-

tained for 5-layer films annealed at 600 ◦C. The resistivity of the films obtained by Tomon-

aga and Morimoto [174] was 2.8× 10-3 Ω.cm for ITO coatings fired in air on non-alkali

glass substrates and 6.2 10-4 Ω.cm after annealing in a hydrogen-containing atmosphere.

The authors used spin coating for producing the films containing 8 mol−% Sn. Similar

results were reported by ITO films produced by dip coating using an ethanol solution of
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chlorides and surfactants [175]. Resistivities initially as low as 2× 10-3 Ω.cm of 60 nm

thick films were decreased by approximately one order (2.5×10-4 Ω.cm) after annealing

in a mixture of N2 and H2. Alam and Cameron [50] have deposited ITO thin films in glasses

by sol gel using metal salts precursors (InCl3 and SnCl4) and organic solvents as raw ma-

terials. The resistivity of the films containing 10 wt.−% Sn annealed at 600 ◦C in air is

1.5×10-3 Ω.cm. The films present an optical transparency up to 93% from 400 to 900 nm

and have an absorption edge at approximately 300 nm. Later, the same group [176] stud-

ied the influence of the annealing of the films in different atmospheres and found that the

resistivity of the films had a minimum value of 8.5×10-4, 9.8×10-4 and 8.0×10-4 Ω.cm

with a Sn content of 10 wt.−% when annealed at 500 ◦C in air, oxygen and nitrogen,

respectively. Shigeno and co-workers [177] have used indium dipropionate monohydrox-

ide to produce ITO films by dip coating on glass substrates. In the field of dip coating

and spin coating, a coating solution composed of a metal salt of an organic acid dissolved

in organic acid seems to be unique. The minimum resistivity obtained after annealing

was 3.1× 10-4 Ω.cm for a film containing 6.9 at.−% Sn, which is compatible with the

dip-coated films obtained by other authors (3.3×10-4 Ω.cm) [178].

Deposition of ITO in plastic substrates by sol-gel methods has also been published

[179], using hydrolyzed silane as a binder. Resistivities not lower than 9×10-2 Ω.cm were

observed in 570 nm thick films with transparency of 87% at 580 nm.

The transparency and resistivity properties of ITO films prepared by sol-gel methods

are comparable to those prepared by other methods like CVD and sputtering. The appli-

cation of those films in practical use, however, possess problems because of the relatively

high annealing temperature required in order to obtain a high conductivity.

3.1.2.2 SnO2 based films

Lee et al. [180] prepared tin oxide films by spin, dip and spray coating from a stable tin (IV)

isopropoxide solution, obtaining transmittance higher than 90% in the visible range of light

and resistivity as low as 1×10-2 Ω.cm.

Sb : SnO2 (ATO) coatings have been also prepared by sol-gel [181, 182]. Similar re-

sults of undoped tin oxide were obtained by Goebbert and co-authors [51], who prepared

antimony-doped tin oxide (ATO) coatings on glass and plastic substrates by spin and dip

coating, obtaining the lowest resistivity value of 1.7× 10-2 Ω.cm at sintering temperature

of 550 ◦C. ATO films have also been deposited on glass substrates by spray coating [183].

The properties of the coatings are similar to those obtained by dip coating [33], with a
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thickness of up to 120 nm, resistivity of 2× 10-2 Ω.cm and transmission around 85% in

the visible. The resistivity values are, however, higher than those obtained by sputtering,

spray pyrolysis and CVD processing. On the other hand, Giraldi et al. [184] have recently

produced ATO films from the polymeric precursor method using spin coating technique,

and a resistivity as low as 6.5×10-3 Ω.cm for a 988 nm thick film and transparency in the

order of 80% was obtained.

Sol-gel fabrication of F : SnO2 (FTO) films has been also reported [185] and an opti-

mum F/Sn atomic ratio of 10.8% has yielded the minimum resistivity value of ∼ 1 Ω.cm.

This value is lower than that obtained by Cachet et al. [186] (∼ 20 Ω.cm) but higher than

reported by Ray and co-authors [187] (∼ 10-2 Ω.cm). The lowest value of resistivity of

9.1× 10-2 Ω.cm was achieved by FTO films with compositions of Sn : F = 97.5 : 2.5,

prepared by dip coating on soda lime silica glass [188].

The resistivities presented by SnO2-based coatings prepared by sol-gel seem to re-

main unchanged in the last years, laying in the order of 10-2 Ω.cm. Such electrical proper-

ties are still much inferior than that presented by ITO systems.

3.1.2.3 ZnO based films

Undoped ZnO films were produced by the spin coating method [67], and a minimum re-

sistivity of 28 Ω.cm was obtained for a 10-cycle spin-coating film sintered in air at 525 ◦C.

Later, the same group [189] investigated the effects of a post-annealing of the undoped

ZnO films in hydrogen atmosphere (350 ◦C for 3 h) and the film resistivity decreased to

2.2×10-1 Ω.cm. Lee and Park [190,191] prepared pure and doped ZnO thin films by sol-

gel using Al, In and Sn as dopants. Higher conductivities and transmittances were shown

in preferred (0 0 2) oriented films. Undoped ZnO films presented the lowest resistivity of

9.9×10-2 Ω.cm after a second heat treatment at 500 ◦C. Al : ZnO films with 1 at.−%Al

reached an electrical resistivity value of 1.1× 10-2 Ω.cm and transmittance over 90% in

the visible range, much promising than others reported in the literature [192].

Aluminium doped zinc oxide (AZO) films have been prepared by dip coating using

an alcoholic non-alkoxide route [193, 194], showing resistivities between 1.3 and 7.2×
10-3 Ω.cm, with transmittance of 80− 90% within the visible wavelength. Their lowest

resistivity was achieved in films containing 2 wt.−% of aluminium, post-heated at 600 ◦C
and annealed at 450 ◦C in forming gas. Resistivities in the same order of 10-3 Ω.cm [195]

were obtained by dip coating of 10 layers AZO films in fused silica substrates, sintered in

a flux of forming gas (N2/H2) at 400 ◦C for 2 h. Even lower resistivities, in the order of



3. State of the Art 24

10-4 Ω.cm, have been reported by AZO films prepared by dip coating from zinc acetate

and aluminium nitrate (or chloride) precursor solutions [182, 196], with transmittance as

high as 90% at 550 nm. These values are comparable to those obtained by ITO films in

practical use nowadays.

Films of ZnO doped with gallium (GZO) have been also studied [197,198]. An optimum

doping concentration of 2 at.−% gallium and annealing at 550 ◦C provided the lowest

resistivity of 6.8× 10-3 Ω.cm. The same group [199] studied ZnO mixed with ZrO2 and

the films obtained by drain coating on glass slides presented a minimum resistivity of

7.2×10-2 Ω.cm using a doping concentration of 1.5 at.−% Zr.

CdO−ZnO films with above 90% optical transmission in the visible region have been

prepared by dip coating on glass slides [200]. The resistivity of pure ZnO films decreased

by 4 orders of magnitude with the addition of Cd. The films exhibit an abrupt resistivity

decrease from 103 to 10-1 Ω.cm when varying the content of Cd in the film.

The use of a rare-earth impurity (Y ) as a dopant in ZnO has been also demonstrated

[201]. YZO films obtained by dip coating on corning glass substrates present a minimum

resistivity of 3.5×10-2 Ω.cm when diethanolamine (DEA) is used as stabilizer. Doping zinc

oxide with indium (IZO) was the alternative found by Kim et al. [202]. The lowest resistivity

achieved was 4.48× 10-2 Ω.cm for films prepared at 600 ◦C containing Zn/(Zn + In) =
0.33.

3.1.2.4 Ternary compounds coatings

A few TCO coatings consisting of ternary compounds deposited by sol-gel have been re-

ported, such as Cd2SnO4 [203,204], ZnGa2O4 [205], In6WO12 [206] and Zn2SnO4 [207].

Lopez and co-workers [208] have deposited Cd2SnO4 films on glass using a dip-coating

technique. They obtained films with optical transmission of 78 % with electrical conduc-

tivities as high as 2× 104(Ω.m)-1. Recently, Kurz and Aegerter [165] have reported on

the preparation of zinc stannate on glass substrates by spin coating. The coatings have a

transmission of 85% in the visible range and a resistivity of 10 Ω.cm without post-annealing

and 3 Ω.cm after annealing in forming gas for 5 h at 300 ◦C. Due to the high resistivities

presented by ternary compounds coatings, they are not in practical use yet.
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3.2 CNT composites and networks

Some years ago, most of the applications of CNTs were related to the use of pure CNTs,

not nanocomposites [209–211]. The few reports on the development of nanocomposites

using CNTs as reinforcing inclusions in a polymer matrix were probably due to the difficulty

in dispersing the nanotubes, which have a non-reactive surface.

The embedding of carbon nanotubes in polymeric matrices such as polythiophene,

polystyrene and polyaniline to make various nanocomposite materials is now a popular

subject in nanotube research [212, 213]. The research is fuelled by the hope of deliver-

ing the properties of CNTs to the composites [214, 215]. Among the various conducting

polymers, polythiophene (PT) has always been one of the more likely candidates because

of its high stability of doped and undoped states, ease of structural modification and con-

trollable electrochemical behaviour. The highly substituted thiophenes, in particular, have

been the subject of intense research and development as candidate material in the areas

of microelectronics, electrode materials, opto-electronics and sensors [216–218].

The general methods used to prepare polymer-carbon nanotube composites are:

(a) ultrasonication of carbon nanotubes or surface functionalized of carbon nanotubes in

the presence of matrix polymers;

(b) in situ polymerization of monomers of matrix polymer in the presence of carbon nano-

tubes; and

(c) polymerization of the matrix polymer from the surface of the nanotube.

Carbon nanotubes functionalized with polymers were found to produce a good disper-

sion of carbon nanotubes in the polymer matrices of nanocomposites [219, 220]. Lin and

co-workers [221] reported that the use of polymers that are structurally close to the matrix

polymer for functionalization of CNTs is a good approach for the development of polymeric

nanocomposites.

Kaiser et al. [222] have used conductive CNTs as fillers in a polymer matrix to en-

hance conductivity, but the resulting nanocomposites exhibited little or no transparency

in the visible range. Coleman et al. [223] and Curran et al. [214] reported conjugated

polymer-CNT composites using multi-walled CNTs where the percolation concentration of

the CNTs exceeded 5 wt.−%. The resulting nanocomposites were black with no trans-

parency in the visible region. Shaffer and Windle [224] reported the conductivity of a
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multi-walled CNT/poly(vinyl alcohol) composite with percolation above 5 wt.−% nano-

tube loading, resulting in a black nanocomposite. The same group [225] reported an-

other multi-walled CNT composite with an epoxy resin, which achieved percolation below

0.04 wt.−%. An optical micrograph of the CNT/epoxy resin composite was reported:

the CNT phase was separated from the epoxy resin and several millimetres of resin-rich

domains are revealed, indicating that the dispersion of CNTs in this material was very

poor. Preliminary measurements of the conductivity of a CNT/poly(methyl methacrylate)

(PMMA) composite were measured on a fibber [226]. The level of conductivity was rela-

tively high (1.18×10-3 S.cm-1) at 1.3 wt.−% SWNT loading. However, the optical trans-

parency in the visible range was not determined for the fibber sample. The mechanical

properties of these fibbers were much lower than the predicted value, which implies that

the CNTs were not fully dispersed. Connel et al. [227] have studied different ways to redis-

perse CNTs into polymer matrices, obtaining more promising results when the polymers

were synthesized in the presence of the CNTs. The nanocomposites showed high reten-

tion of optical transparency in the visible range, electrical conductivity and high thermal

stability, meeting the requirements for the use in aerospace applications.

Several reports are found describing the production of electrically conducting films con-

taining CNTs in loading levels varying from 0.01 [228–230] to 4 wt.−% [231–234]. In most

cases, the electrical conductivity obtained is not sufficient for the use in flat panel displays,

but only in electrostatic charge mitigation applications [130]. To improve the conductiv-

ity, films fabricated from SWNT solutions have also been investigated [235]. In previously

published work, SWNTs were first dispersed in aqueous solutions, then thin films were fab-

ricated by wet coating techniques [236,237] or filtering through membrane and transferring

to substrates thereafter [238,239]. Thin films made by these methods (normally referred as

networks) show much better conductivity than the CNT-based composites, although 30%
transmission at a wavelength of 3 µm were reported. Since SWNTs are insoluble in most

organic solvents and water, a surfactant (such as Triton X-100 or SDS) has to be used in

order to provide a stable SWNT solution. However, the surfactant adsorbed on the surface

of SWNTs will greatly affect the electrical properties of the networks. Washing away the

surfactant has been reported, although this process is not easy to be scaled up and the

bonding between the SWNT networks and the substrate is quite weak. In most reports of

CNT used as transparent conductive films, nothing is mentioned about the adhesion of the

films to the substrate.

Recently, the use of single-walled carbon nanotube films as the transparent anode

in a solar cell was also claimed [135]. However, the transparency of the CNT films was
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low (around 45% for a sheet resistance of 282 Ω/sq) and the device configuration was

suboptimal, using an active absorber layer 800 nm thick. The performance of the resulting

cells was significantly below efficiencies achieved in similar cells using ITO.

3.3 Sum up of the literature review:

Identification of the problematic

With respect to transparent conductive oxides, although the obtainable electrical proper-

ties of coatings are strongly dependent on the deposition method as well as on the de-

position conditions, TCO films with a low resistivity of the order of 10-5 Ω.cm can only

be prepared with impurity-doped binary compounds. For thin-film transparent electrodes,

TCO semiconductors such as impurity-doped ZnO, In2O3 and SnO2 and multicomponent

oxides composed of combinations of these binary compounds are the most suitable can-

didates for practical use. Specially ITO thin films prepared by magnetron sputtering (MSP)

with a resistivity of the order of 10-4 Ω.cm are commercially available at present, although

resistivities of the order of 10-5 Ω.cm are also possible to obtain using higher tempera-

tures and/or pulsed laser deposition (PLD) methods. The minimum resistivities obtained

by SnO2 and In2O3 films have essentially remained unchanged in the past twenty years.

All tentatives to produce transparent conductive materials with a high conductivity as that

presented by ITO have failed, except for some reports on AZO films. Their preparation,

however, requires high temperatures and post-annealing in reducing atmospheres, what

enhances the costs prices and complicates large-scale production of the films. This set of

factors motivates the study of alternative materials for opto-electronic devices which are

not based on semiconductor oxides and that require lower curing temperatures.

Carbon nanotubes, on the other hand, have been recently explored as additional con-

ductive structures in composites and are promising candidates for transparent conductive

systems due to their small diameters, high aspect ratio and high conductivity. In most

cases, however, the electrical conductivity obtained by networks and composites is much

inferior than that of ITO films, only sufficient for application in electrostatic charge mitiga-

tion. Many challenges for integration of this unique nano-material include uniform disper-

sions and the proper removal of the surfactant in CNT networks. Moreover, the adhesion

of the networks to the substrates has to be considered for an appropriate comparison with

ITO films, although most networks reported in the literature have shown poor adherence
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to the substrates. Therefore, there is a need to improve the fabrication processes so as to

achieve CNT thin films with improved electrical and optical transmission properties.



4. OBJECTIVE

Considering the limitations of ITO such as the scarcity of indium, its high cost and brittle-

ness of the films, it was the objective of this work to study new alternative materials which

could be used as transparent conductive coatings in opto-electronics devices. For this

purpose, materials with excellent transparency in the visible range and high electrical con-

ductivities are required. Taking advantage on the high aspect ratio and high electrical con-

ductivity of carbon nanotubes, the potential of these nanomaterials in the form of networks

as well as in composites with both conducting and insulating matrices for the obtention of

transparent conductive devices was investigated in this work. The tentatives reported in

the literature failed in obtaining high electrical conductivity, what has been mainly attributed

to inefficient dispersion of the CNTs in the matrix. In this work, an alternative surfactant

to sodium dodecyl sulphate (SDS) normally reported for the dispersion of nanotubes was

studied (hexadecyltrimethyl ammonium chloride, HDTAC), due to its longer carbon chains

in comparison with SDS. In addition, a high shear processing after the ultrasonication of

the dispersions was applied as a tentative to obtain finer dispersions. Focusing on cost

benefits multi-walled carbon nanotubes (MWNTs) were investigated, due to their lower

cost in comparison with SWNTs.

The three CNT-based systems investigated were:

1. Networks of MWNTs deposited on borosilicate glass substrates, with and without the

addition of adhesion promoters in the dispersion used as precursor for the networks.

Parameters such as the behaviour of the sheet resistance with the concentration of

CNTs and the temperature of sintering were studied and analyzed. The performance

of the networks was compared with others presented in the literature and with ITO.

2. Antimony-doped tin oxide (ATO) and ATO/MWNT composites deposited on borosili-

cate glass substrates. ATO is one of the most studied TCO materials for replacement

of ITO, but seems to have reached its physical limits with respect to electrical prop-
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erties. Since this water-based material has a high transparency in the visible range

but still suffers from inferior electrical properties in comparison with ITO, it was the

objective of this part of the work to improve its conductivity by the addition of CNTs.

New ATO/CNT composites were developed and their performance was compared to

the ATO matrix and to ITO.

3. A titanium dioxide-based sol normally used for the production of films with high re-

fractive index [240] was investigated as a matrix for CNT-based composites since

this sol produces high transparent films in the visible range. In this part of the work,

the electrical conductivity provided by the CNTs to the initially insulating matrix was

studied.

Aspects such as the sheet resistance, resistivity, adhesion of the coatings to the sub-

strate and transparency in the visible range were studied. The structural characterization

of the powders and films was performed by different techniques such as transmission

electron microscopy, scanning electron microscopy, white light interferometer, atomic force

microscopy and Raman spectroscopy. The dispersions were characterized by ultrafine

particle analysis and zeta potential measurements. Electrical properties of the coatings

i.e. sheet resistance were measured by the four points techniques and the thickness was

determined by profilometry and/or ellipsometry. The transmittance of the coatings in the

visible range was determined by UV-VIS spectroscopy.



5. EXPERIMENTAL

This Chapter describes the detailed experimental work carried out in this research. It

is divided in 3 Sections: MWNT Networks (5.1), ATO/MWNT nanocomposites (5.2) and

TiO2/MWNT nanocomposites (5.3). Each Section describes the experiments realised for

the study of the different systems, including the preparation and characterization of pow-

ders, sols and coatings. Technical data (chemicals, apparatus) are written along the text,

but are also summarized in Tables listed in the Appendix (Chapter 9).

5.1 MWNT networks

The study of MWNT networks was motivated by the interesting properties of CNTs, mainly

their high aspect ratio and high electrical conductivity. The formation of adherent and con-

ducting CNT networks on different substrates could open new venues in the transparent

electronics industry. SWNT networks studies have been recently presented in the litera-

ture, as already pointed out in Section 3.2. In this work, however, MWNTs were chosen as

materials of study due to their lower price in comparison with SWNTs.

5.1.1 Characterization of the MWNT powder

As-received very thin (10 nm outer diameter) MWNTs (Nanocyl S.A.) were investigated by

different techniques. The morphology of the powder was examined with a scanning elec-

tron microscope (JSM 6400F, JEOL). The second electron image was formed by exciting

the sample with a primary electron beam under 10 kV accelerating voltage. To obtain a

charge free surface imagining, the sample was sputtered with a gold film with the SCD 030

(Balzers) using a current of 25 mA for 40 s. The structure and morphology of the MWNTs

were also studied using high resolution transmission electron microscopy (HRTEM: CM

200 FED, Philips). Investigation was carried out at an accelerating voltage of 200 kV and
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structure imaging was recorded.

Raman spectroscopy (LabRAMAN ARAMIS, Version 010, DILOR/Jobin HORIBA/Yvon

equipment) accoupled with a CCD Detector, He Ne Laser 632.8 nm was used in this work

to identify the MWNT in the networks. This technique has been appointed in the literature

as an effective tool for the study of nanotubes, specially SWNTs, since it provides the

diameter, chirality, type, and the aggregation state of nanotubes [241].

The thermal analysis of the powder was performed by Thermogravimetric Analysis

(TG) [242] using a thermal analyzer STA 999C Jupiter (Netzsch)). For the measurement,

40 mg of the MWNT powder were placed in a Al2O3 crucible and then heated from room

temperature to 1100 ◦C at a heating rate of 10 ◦C/min under synthetic air atmosphere.

Finally, X-Ray powder diffraction (XRD) was performed in order to verify the possible

graphite crystal phase in the MWNT powder. The analysis was performed with a D500

model diffractometer (Siemens, radiation CuKα1) operating at 40 kV .

5.1.2 Surfactant-assisted dispersion of MWNTs

Although CNTs have remarkable electronic and mechanical properties, their potential ap-

plications can be limited to their insolubility in many solvents, due to strong intertube van

der Waals interactions, as presented in Section 2.2.2. A good dispersion of CNTs is of

most importance so as to prevent precipitation and hence allow the fabrication of homo-

geneous films with optical quality. The attachment of functional groups to the nanotubes

sidewall could allow a more efficient dispersion of CNTs in liquids. Therefore, as-received

functionalized MWNTs (−COOH and −NH2 functionalization groups) were investigated

in this work.

The surfactant of choice was hexadecyl trimethyl ammonium chloride (HDTAC), which

possess a longer carbon chain length than sodium dodecyl sulphate (SDS), the surfactant

normally investigated in the literature for the dispersion of CNTs. Such hexadecyl chain

is expected to provide a more efficient dispersion of CNTs in water than a shorter dode-

cyl chain. The concentration of SDS in water often used for the dispersion of CNTs is

1 wt.−% [85], while the concentration of nanotubes in the surfactants is 0.5 mg/ml [243].

In this work, however, a higher amount of MWNTs in the surfactant was studied, rang-

ing from 1− 10 mg/ml. The intention was to study the influence of the concentration of

MWNTs in the properties of the networks formed. Consequently, the concentration of HD-

TAC in water utilized was also higher than that presented in the literature, varying from

1 to 5 wt.−%, since more surfactant molecules are necessary to properly maintain the
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MWNTs suspended in water.

Stirring and ultrasonic mixing were applied for 10 min each. Subsequently, the sus-

pension was ultrasonically dispersed for 20 min with an ultrasonic disintegrator Branson

Sonifier R©450, operating for 15 min with duty cycle of 40% and output control 9. In this

method, the liquid jet streams resulting from ultrasonic cavitation overcome the van der

Waals forces between the nanotubes, separating them. Finally, a high shear processor

treatment using a Microfluidizer R©M110-Y Microfluidics (Fig. 5.1a), pressure of 1500 Bar

and cylinders of 300 and 87 µm was employed. This high shear fluid processing disperses

big agglomerates into uniform smaller particles and forms stable dispersions by utilizing

a high-pressure liquid stream that collides at ultra-high velocities in precisely defined di-

amond micro channels. Combined shear and impact forces act upon the liquid systems

to create finer, more uniform dispersions. A schematic showing the equipment is demon-

strated in Fig. 5.1b. In order to remove possible agglomerates remaining in the disper-

sions, filtration using a 10 µm filter was performed. The flow chart in Fig. 5.2 summarizes

the MWNT dispersion process.

(a) (b)

Fig. 5.1: High shear processor. (a) M110-Y Microfluidizer processor and (b) its schematic
view.
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Fig. 5.2: Flow chart of the dispersion of MWNTs in HDTAC.

5.1.3 Characterization of the dispersion

Besides the difficulty in obtaining stable and homogeneous dispersions of CNTs, another

complication is finding a valid method to evaluate their state of dispersion. Techniques

such as atomic force microscopy (AFM) seem not to be representative of the whole sam-

ple; others like transmission and scanning electron microscopies (TEM and SEM, respec-

tively) require pre-treatment with gold or carbon sputtering, which might cause a defect in

the original pattern of the composite. Also characterization methods such as ultrafine par-

ticle analysis (UPA) and dynamic light scattering (DLS) are not appropriate, since CNTs

are not spherical particles. Therefore, zeta potential measurements were performed in this

study as an effective way to determine the stability of the MWNTs in the surfactant. Gen-

erally, particles tend to avoid coagulation by electrostatic repulsion above certain surface

potentials, usually 25 mV . Thus, by knowing the magnitude of the net surface potential,

one can predict the possible aggregation behaviour of CNTs. For example, a high surface
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charge on a CNT surface will indicate a preference for considerable electrostatic repulsion

within nanotube aggregates. A low nanotube surface charge will be insufficient to over-

come the van der Waals’ forces between tubes, and will lead to a high degree of nanotube

aggregation. For the measurement of the absolute zeta potential, MWNTs dispersed in

HDTAC (5 wt.−% in water) with concentration of 3 mg/ml were investigated at Malvern

facilities, using a Zetasizer Nano System from Malvern Instruments.

5.1.4 Preparation of the networks

MWNT networks were prepared by spin coating the dispersion of MWNTs in HDTAC on

borosilicate glass substrates.

The glass substrate of choice was Borofloat33 R©(Schott). It is a highly chemically re-

sistant borosilicate glass with low thermal expansion produced by the float process. It has

a mirror surface like quality, high thermal resistance and transmission. Moreover, it does

not contain alkaline earth elements in its composition. The composition of the glass was

determined using atomic emission spectroscopy with inductively coupled plasma (ICP-

AES, Ultima 2, Horiba Jobin Yvon). 30 mg of the glass in powder form were dissolved in

3 ml concentrated HNO3 and 1 ml concentrated HF at 150 ◦C for 5 h. After cooling down

to room temperature, the solution was diluted with deionized water and analyzed.

Spin coating (spin coater model 1001 CPS II, Convac) was chosen as deposition

method because it is a fast technique which requires only a small amount of sol in order

to form the coatings. A final speed of 2500 rpm for 15 s was used during the deposition.

The sintering of the coatings deposited on borosilicate was carried out in a furnace in air

(Carbolite) at temperatures varying from 150 to 400 ◦C for 5 to 30 min. In order to im-

prove the adherence of the networks to the glass substrate, 0.5 vol.−% of an adhesion

promoter prepared from Glycidyloxypropyl-triethoxysilane (GPTES) and Levasil R©200S/30

(1:1) [244] was added to the coating sol.

5.1.5 Characterization of the networks

The MWNT networks deposited on borosilicate were examined by transmission electron

microscopy (JEM 200CX, JEOL) accoupled with energy dispersive X-ray spectrometry

(EDX, Noran Instruments), for a quantitative element analysis. High-resolution scanning

electron microscope (SEM) equipped with a field emission gun (FEI Strata DB 235) at 5
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kV acceleration voltage was used in the investigation of the surfaces. The topography

of the networks was also analyzed by atomic force microscopy (AFM), using a Digital

Instruments Multimode Nanoscope IIIa. The roughness of the networks was characterized

with a White Light Interferometer (WLI), Zygo New View 5000. It is a 3D surface profiler

that images surface detail and provides accurate measurements without contacting the

surface. The measurements were carried out using a white light beam, divided within an

optical objective. One portion is reflected from the tested part and the other from a high

quality flat reference. A MetroPro software was used to convert the intensities into images.

The transmittance of networks with different MWNT concentrations was measured in

the visible range by UV-VIS-Spectroscopy, using a CARY 5E UV-VIS-NIR spectrophotome-

ter (Varian). The measurements were carried out at room temperature within the range

300 to 3000 nm. The transmission (T ) was measured at normal incidence against air as

reference.

The sheet resistance (Rsq) of the films was measured by the four-points technique

(Napson Corporation, Model RT-70/RG-7S). The final results presented were the average

value of at least 5 measurements in different parts of the surface. The results were cor-

related with different parameters such as the concentration of MWNTs in the network and

the temperature of sintering.

Mechanical adhesion is an important property which is related with the durability of the

coatings. Therefore, the adhesion of the MWNT networks in the substrates was exam-

ined. The procedure follows standard tape test [245] and consists of a visual observation

after pulling off of a tape from the substrate. The layer is classified as either completely

removed, partially removed or left on the substrate.

The surface hardness of the networks was evaluated through the pencil test [246].

First, the films are placed on a firm horizontal surface. Then, a pencil of known hardness

is held firmly against the film at a 45◦ angle and pushed away from the operator in a 6.5 mm

stroke. The process is initiated with the hardest pencil and continued down the scale of

hardness until the pencil that will not damage the film. The classification of the drawing

lead meets the following scale:

6B−5B−4B−3B−3B−B−HB−H−2H . . .6H
so f ter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . harder
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5.2 ATO/MWNT nanocomposites

Antimony doped tin oxide (ATO) films are known to present a low resistivity and high trans-

parency at room temperature. Such films can find potential application in electro-optical

systems. However, their electrical properties, mainly their electrical conductivity, are still

inferior than that presented by ITO. The objective of this part of the work was to improve

the electrical conductivity of ATO systems, which are less expensive alternatives to ITO.

The approach used was the addition of CNTs as additional conductive particles to the ATO

matrix. The experimental details for producing the new nanocomposites are described

below.

5.2.1 Preparation of the SnO2 : Sb (ATO) powder

The ATO powder was prepared following a recipe from Goebbert et al. [33, 34] whereby a

solution of tin (IV) chloride pentahydrate (10 g) in ethanol (100 ml) containing 2 mol−% of

SbCl3 (0.137 g) was added dropwise to an aqueous ammonia solution (20 ml) containing

10 wt.−% (with respect to the oxide) of a surface modifying agent, β-alanine (2.89 g).

The ATO suspension was treated at 150 ◦C for 3 h under hydrothermal conditions. The

resulting powder (3.2 g) was isolated by centrifugation (4000 rpm, 15 min), washed with

bi-distilled water for the elimination of Cl− ions and then dried at 60 ◦C. The preparation

of the powder is illustrated in Fig. 5.3.

5.2.2 Characterization of the ATO powder

For the chemical analysis of ATO, 30 mg of the powder were dissolved in 2 ml of concen-

trated H2SO4 at 200 ◦C for 5 minutes. The solution was diluted and analysed using atomic

emission spectroscopy with inductively coupled plasma (ICP-AES) for the determination of

the elements antimony and tin.

X-ray powder diffraction (XRD) was used to identify the crystal phase of the ATO pow-

der. The samples were analysed by a D500 model diffractometer (Siemens, radiation

CuKα1) operating at 40 kV . The structure and morphology of the ATO powder were stud-

ied with high resolution TEM (HRTEM: CM 200 FED, Philips) at an accelerating voltage of

200 kV . Energy dispersive X-ray spectrometry (EDX, Noran Instruments) was applied for

a quantitative element analysis.
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Fig. 5.3: Flow chart of the preparation of antimony-doped tin oxide powder [After Goebbert
et al., 1999].

5.2.3 Preparation of the ATO suspension

Colloidal suspensions from the ATO powders were prepared by dispersing them in water

at pH = 11 using 0.78 mol.l−1 tetramethyl ammonium hydroxide (TMAH) as a base. The

choice of this pH was based in the original report for the preparation of the ATO powder

used in this work [33]. The concentration of the solutions prepared with ATO powder varied

from 5 to 25 wt.−%. After powder addition, the resulting suspensions were ultrasonicated

for 3− 5 min. In order to remove possible remaining agglomerates, the final dispersions

were filtered using a 0.2 mm thick filter. The preparation of the ATO suspension is summa-

rized in Fig. 5.4.

5.2.4 Characterization of the ATO solution

The hydrodynamic particle size distribution of the ATO suspension was determined with a

Grimm UPA 400 ultrafine particle analyser (UPA). The measurement takes 60 seconds and

was repeated 3 times. The refractive index of 1.80 and particle density of 6.80 gm/cc were

used, in accordance with the literature. The source of the incident light is a laser diode with
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Fig. 5.4: Flow chart of the preparation of ATO suspension [After Goebbert, 1999].

780 nm wavelength and a power of 3 mV . The equipment determines the Doppler shift of

the scattered light caused by the moving particles. Smaller particles cause a greater shift

in the frequency than larger particles. The difference in the frequency of the scattered light

is used to determine the size of the particles.

5.2.5 Preparation of the ATO/MWNT nanocomposite solutions

The nanocomposites of ATO and MWNTs (hereafter written as ATO/MWNT) were prepared

according to the flow chart presented in Fig. 5.5. The MWNTs redispersed in surfactants

(Section 5.1) were added to the ATO sol (Section 5.2.3) in different concentrations, vary-

ing from 1 to 50 vol.−%. Ultrasonic bath treatment of the solutions was applied for 15
minutes. Finally, the sols were filtered using a pre-filter (10 µm).

5.2.6 Preparation of the coatings

The preparation of 1− 5 layers ATO and ATO/MWNT coatings in borosilicate substrates

was the same described for the preparation of MWNT networks in Section 5.1.4. The

procedure is shortly described in Fig. 5.6.
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Fig. 5.6: Flow chart of the preparation of ATO and ATO/MWNT coatings.
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5.2.7 Characterization of the ATO and ATO/MWNT coatings

The same methods previously described in Section 5.1.5 for the characterization of MWNT

networks were applied for the study of ATO and ATO/MWNT coatings. Here, however,

not only the sheet resistance of the films was measured, but also their resistivity. The

sheet resistance (Rsq) of the films was measured by the four-points technique (Napson

Corporation, Model RT-70/RG-7S). The resistivity (ρ) was calculated by:

ρ = Rsq× t (5.1)

where t is the thickness of the coating.

The film thickness was measured by profilometry using a Tencor P-10 surface pro-

filometer. The surface of the samples was scanned by a diamond stylus through an un-

coated part of the substrate, obtained by etching the coating with a mixture of zinc powder

and hydrolic acid. The stylus registers the vertical motion at the etched edges and thereby

allows determining the thickness of the coatings. The thickness was also measured by el-

lipsometry (Spectroscopic ellipsometer ESVG, Sopra). The method consists of measuring

and interpreting the change of polarization state that occurs when a polarized light beam

is reflected at non-normal incidence from a film surface. The light source is first made

monochromatic, collimated, and then linearly polarized. Upon passing through the com-

pensator (usually a quarter-wave plate), the light is circularly polarized and then impinges

on the specimen surface. After reflection, the light is transmitted through a second polar-

izer that serves as the analyser. Finally, the light intensity is judged by eye or measured

quantitatively by a photomultiplier detector. The polarizer and analyser are rotated until

light extinction occurs. The extinction readings enable the phase difference and amplitude

ratio of the two components of reflected light to be determined. From these, either the film

thickness or the index of refraction can be obtained.

5.3 TiO2/MWNT nanocomposites

In this part of the work, MWNTs were dispersed in a TiO2-based insulating matrix de-

veloped at the INM facilities, normally used in the fabrication of films with high refractive

index [240] and new TiO2/MWNT nanocomposites were develop. The efficiency of the

MWNTs as conductive additives in the composite was evaluated and parameters such as
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sheet resistance, resistivity, transparency and adhesion of the coatings were studied.

5.3.1 Dispersion of MWNTs in the TiO2-based sol

−NH2 functionalized MWNTs were added to the as-received TiO2-based sol in different

concentrations varying from 1−10 mg/ml. The detailed preparation of this sol consisting

on 3% TiO2 in a mixture of 2-propanol and 1-butanol is described in Appendix 9.6. The

sols containing MWNTs were stirred for 15 min and ultrasonicated for 20 min. In order to

obtain finer dispersions, the solutions were also submitted to a high shear processor. The

details of the dispersions follow the same procedure already described in Section 5.1.

5.3.2 Preparation of the coatings

Also in this part of the study, spin coating technique was chosen as deposition method for

the coatings. The details were already described in Section 5.1.4.

5.3.3 Characterization of the TiO2/MWNT coatings

The techniques utilized in the characterization of TiO2/MWNT coatings are the same al-

ready described in Section 5.1.5 for the characterization of the MWNT networks.



6. RESULTS AND DISCUSSION

The results obtained in this work are presented and discussed in the following chapter. The

different systems investigated were divided in three sections: MWNT networks in Section

6.1; ATO/MWNT nanocomposites in Section 6.2; and TiO2/MWNT nanocomposites in

Section 6.3. At the end of each Section, the results are summarized and compared with

other studies reported in the literature.

6.1 MWNT Networks

6.1.1 Characterization of the MWNT powder

The MWNTs were investigated by SEM and by TEM and the results are shown in Fig. 6.1.

Since the images obtained by both−COOH and−NH2 functionalized powders were very

similar, only those related to −NH2 MWNTs were reported here. Fig. 6.1a shows that

the powder consists of agglomerations of MWNTs, what is expected due to van der Waals

attractions among the tubes. In Fig. 6.1b, it is possible to see the individual MWNTs,

each one with approximately 10 nm outer diameter. Their curly-like structure could be an

indication of the presence of defects in their structure. Moreover, one can detect residues

of catalytic particles encapsulated in the nanotubes during the CVD synthesis process,

as indicated by narrows in this Figure. A precise length of the nanotubes is difficult to

predict, although it seems to remain in the tens of micrometer range. It is important that the

nanotubes are long in length in order to enable their electrical and mechanical properties.

Raman spectra of the MWNTs with −NH2 and −COOH functionalizations are shown

in Fig. 6.2. The so-called D-band associated to the presence of defects is shown between

1250− 1350 cm-1. In −NH2 functionalized nanotubes, this peak appears at 1322 while

in −COOH functionalized MWNTs, it is evident at 1326 cm-1. Their second harmonic

D* (or G’) are presented between 2500− 2700 cm-1. The G-band, characteristic of most
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Fig. 6.1: (a) SEM images of as-received −NH2 functionalized MWNTs and (b) TEM im-
ages of the same MWNTs, revealing an outer diameter of 10 nm.

Fig. 6.2: Raman spectra of −NH2 and −COOH functionalized MWNTs.
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carbonaceous materials due to elongations of C−C bonds, is evident at 1592 (−NH2)

and 1596 (−COOH) cm-1 [247]. The high intensity of the D-band in comparison with

the G-band in both analyzed materials is due to the presence of defects in the nanotube

structure or to the presence of other impurities, such as amorphous carbon or the metal

catalysts highlighted in Fig. 6.1b. Comparing the D-band with its respective G-band,

MWNTs containing −NH2 functionalization seem to present higher purity than −COOH

functionalized ones.

This observation is also supported by TG investigations performed in both powders.

The concentration of metal catalysts remaining after the thermal treatment was higher

in −COOH functionalized samples than in the −NH2 functionalized MWNT powder. In

the last case, 1.8 g were observed against 3.2 g in −COOH samples. Nevertheless,

since only a small amount of MWNTs is used in the TG measurements, one should be

aware of using the results observed as representative of the samples as a whole. The

thermal degradation behaviour of both MWNT powders under synthetic air atmosphere

(10 ◦C/min) is illustrated in Fig. 6.3. It is clear that the oxidation of −NH2 MWNTs in

this atmosphere starts at 440 ◦C and they burn completely at temperatures higher than

670 ◦C (almost 100% weight loss). In the case of −COOH samples, however, the weight

loss starts at much lower temperatures, what was attributed to evaporation of H2O. From

440 ◦C, a considerable change in the overall mass of the powder is observed, which is

related to the oxidation of the MWNTs themselves. These values are consistent with oth-

ers reported in the literature [76, 248–250]. They could be used as an evidence of the

“purity” of the sample, i.e., that the powder consists of MWNTs and not of other kind of

nanotubes (SWNTs) or amorphous carbon, which starting oxidizing at different tempera-

tures. Knowing the behaviour of the nanotubes with the increase of the temperature is

of key importance, once this parameter will be taken in consideration during the sintering

process of the networks.

The remaining powders after thermal treatment of MWNTs at 1000 ◦C were investi-

gated and the results are shown in Fig. 6.4. Similar results were obtained by−COOH and

−NH2 functionalized nanotubes, therefore only the ones related to −NH2 will be shown.

Particle sizes ranging from 60−100 nm are observed (Fig. 6.4a) and have been identified

by EDX as consisting of Co and Fe oxides (Fig. 6.4b), which are catalysts commonly used

in the synthesis of CNTs [70].

X-ray investigations of the powders are shown in Fig. 6.5. A crystalline graphite-

like structure is revealed with peaks shifted to smaller 2θ values due to the presence of

impurities (i.e. catalysts) in the samples.
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Fig. 6.3: TG curves showing the behavior of −COOH and −NH2 functionalized MWNTs
with the increase of the temperature under synthetic air.

200 nm

(a) (b)

Fig. 6.4: Investigation of the metal catalyst particles present in the −NH2 MWNT powder
by (a) TEM and (b) EDX methods.
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Fig. 6.5: X-ray spectra of functionalized MWNT powders. The inserted lines correspond
to graphite structure.

6.1.2 Characterization of the MWNT dispersion in HDTAC

Fig. 6.6 shows the zeta potential (ζ) distribution of −COOH MWNTs dispersed in HDTAC

(5 wt.−% in water) with concentration of 3 mg/ml. The existence of only one peak sug-

gests that the particles are monodispersed and an absolute ζ of 57 mV was observed.

Traditionally, if the absolute value of ζ is smaller than ∼ 25 mV , the repulsive force is not

strong enough to overcome the van der Waals attraction between the particles, and hence

the particles begin to agglomerate. Therefore, the results obtained suggest that the nano-

tubes are well dispersed in HDTAC. Such a surfactant with long tail groups and unsaturated

C-C bonds can greatly contribute to the stabilization of CNT dispersions, since the increase

in the number of carbon-carbon double bonds per surfactant tail decreases the size of the

CNT agglomerate. Similar results were obtained by −NH2 MWNTs (58.5 mV ) and are in

accordance with others reported in the literature for the dispersion of SWNTs [251].
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Fig. 6.6: Zeta potential distribution of MWNTs dispersed in HDTAC (5 wt.−% in water)
with concentration of 3 mg/ml.

6.1.3 Characterization of the MWNT networks deposited on

borosilicate substrates

Due to the presence of less impurities in the −NH2 nanotube samples, as revealed in the

last Section, dispersions containing this powder were used in the preparation of the MWNT

networks. Therefore, all following results presented in the study of MWNT networks are

related to −NH2 functionalized MWNTs.

In order to facilitate the reading, MWNT networks prepared with (0.5 vol.−%) and

without an adhesion promoter (see Chapter 5, Section 5.1.4) will be hereafter written

as MWNT-NET-Si and MWNT-NET, respectively. All networks were prepared on borosil-

icate substrate. Analysis by ICP-AES has detected 0.603±0.011 wt.−% CaO, 0.004±
0.001 wt.−% MgO and 5.220±0.021 wt.−% Na2O in the substrates.

Fig. 6.7 shows TEM images of both MWNT-NET and MWNT-NET-Si deposited on

borosilicate substrates and sintered at 300 ◦C for 20 min. In Fig. 6.7a, the MWNTs are

easily recognized, while in Fig. 6.7b their visualisation is obstructed by the presence of

SiO2 nanoparticles of 20 nm. The peaks related to these particles were highlighted by

EDX measurements and are shown in Fig. 6.8. The Cu peaks come from the grid used

during the preparation of the sample for the TEM measurements.

The surfaces of both networks were examined by SEM and the results are depicted in

Fig. 6.9. In MWNT-NET (Fig. 6.9a), the MWNTs are randomly oriented and in contact with

each other, suggesting that a percolation path has been established. However, in MWNT-
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NET-Si networks, a completely different surface morphology is revealed, as shown in Fig.

6.9b. It is a more compact structure where many SiO2 particles were sintered together,

impeding the visualisation of the MWNTs. A AFM image of the MWNT-NET examined in

Fig. 6.9a is presented in Fig. 6.10, confirming the porous structure observed by SEM.

The average roughness of MWNT-NET heated in different temperatures was deter-

mined with the help of a white light interferometer (WLI) and is shown in Fig. 6.11. The

surface roughness decreases as a function of the temperature and reaches its lowest

value at 350 ◦C, temperature above which the average roughness of the surface starts

increasing. This behavior is strongly related to the oxidation of the MWNTs in air in this

temperature range, according to the results presented in Fig. 6.3. The overall surface

morphology of MWNT-NET and MWNT-NET-Si sintered at this optimum temperature is

revealed by the WLI images shown in Fig. 6.12.

The band gap of CNTs has been predicted to decrease with increasing tube diameter

[252]. The smallest diameter nanotubes can act as insulators, and, as the diameter of

the CNTs increases, they can become semiconductors or even exhibit metallic properties,

acting as conductors. Therefore, the MWNTs studied in this work (which are larger than

SWNTs) are expected to show metallic rather than semiconducting behaviour at room

temperature (see Appendix 9.4).

The sheet resistance of MWNT-NET was studied as a function of the concentration of

MWNTs in the dispersion used for the preparation of the networks. Networks with different

densities were treated in air at 300 ◦C (for the preservation of the MWNTs) for 20 min and

the sheet resistance measured for each concentration was plotted in Fig. 6.13. The val-

ues vary from 100− 15 kΩ/sq when the concentration of nanotubes increases from 5 to

10 mg/ml. High concentrated dispersions lead to higher conductive networks since more

nanotubes are in contact. An important parameter to be considered in this case is the

transparency in the visible range of the higher density networks. Since more nanotubes

are present, a low transmittance of these networks in the visible range is expected, due

to strong light absorption. However, even networks prepared from a dispersion containing

10 mg/ml MWNTs have shown relatively high transparencies in the visible range, ranging

between 75−80% (Fig. 6.14). This can be related to the MWNT’s diameter size of 10 nm,

which is smaller than the wavelength of light, allowing the formation of concentrated, con-

ductive and transparent networks in the substrate.

The sheet resistance of MWNT-NET was also studied as a function of the heating

temperature. The behaviour is illustrated in Fig. 6.15. It is clear from this graphic that
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(a)

20 nm
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Fig. 6.7: TEM micrographs of (a) MWNT-NET and (b) MWNT-NET-Si deposited on borosil-
icate substrates and sintered at 300 ◦C for 20 min.

Fig. 6.8: EDX spectrum of MWNT-NET-Si deposited on borosilicate and sintered at 300 ◦C
for 20 min
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(a)

200 nm

(b)

Fig. 6.9: FESEM images of (a) MWNT-NET and (b) MWNT-NET-Si deposited on borosili-
cate substrates and sintered at 300 ◦C for 20 min.

Fig. 6.10: AFM image of MWNT-NET deposited on borosilicate and sintered at 300 ◦C for
20 min.
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Fig. 6.11: Average roughness of MWNT-NET as a function of the heating temperature.

(a) (b)

Fig. 6.12: WLI image of (a) MWNT-NET; and (b) MWNT-NET-Si, both sintered at 350◦C
for 20 min.

lower sheet resistances are obtained when heating the networks between 200− 400 ◦C,

although the values measured for networks treated at 150 and 450 ◦C are not much higher

than that. Indeed, it is expected that the sheet resistance of MWNT-NET will start increas-

ing at temperatures higher than 400 ◦C due to the oxidation of the nanotubes (Fig. 6.3).

On the other hand, heating temperatures lower than 400 ◦C (i.e. in which the structure of

CNTs is preserved) seem not to be a significant limiting factor in the sheet resistance pre-

sented by the networks and, in principle, any temperature lower than that could be chosen

as ideal for the preparation of conductive networks. However, taking in consideration that

smoother surfaces were obtained when treating the networks at 350 ◦C (6.11), this tem-
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Fig. 6.13: Variation of the sheet resistance of MWNT-NET prepared at 300 ◦C for 20 min
with the concentration of nanotubes.

Fig. 6.14: Transmittance of MWNT-NET containing different concentrations of MWNTs
heated at 300 ◦C for 20 min.
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Fig. 6.15: Variation of the sheet resistance of MWNT-NET (10 mg/ml) with the heating
temperature.

perature can be chosen as optimal for the fabrication of conductive, smooth networks in

this work. Another important observation from Fig. 6.15 is that networks treated at 150 ◦C
present sheet resistances as low as 37 kΩ/sq, suggesting that the networks investigated

in this work could be applied in the preparation of conductive films in plastic substrates

where normally low sintering temperatures are required [253].

Having defined 10 mg/ml as an optimum concentration of the nanotubes for the prepa-

ration of transparent (78 %) networks and 350 ◦C as an appropriate temperature for ob-

taining conductive (20 kΩ/sq) and smooth networks, MWNT-NET-Si were also prepared in

these conditions. However, it has to be said that, in this case, the temperature is expected

to play an important role in the sintering of the SiO2 nanoparticles and, consequently, on

the sheet resistance presented by the networks.

The sheet resistance of MWNT-NET-Si was evaluated as a function of the concentration

of the adhesion promoter used in the preparation of the networks and the tendency is

presented in Fig. 6.16. A significant increase of the sheet resistance is observed as the

concentration of SiO2 particles in the networks increases. Clearly the electrical properties

of the MWNTs are influenced by the presence of the insulating SiO2 particles in the surface

of the coatings, which decreases the electrical conductivity response of the networks. The

transparency of the coating, however, is preserved, as depicted in the photograph shown
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in Fig. 6.17 comparing MWNT-NET and MWNT-NET-Si.

Besides, the presence of the adhesion promoter in the solution used for the prepara-

tion of the MWNT-NET-Si networks significantly improves the mechanical properties of the

networks. As one can see from Table 6.1, MWNT-NET show a low adhesion on glass,

being classified as “totally removed from the substrate” after the tape test procedure [245].

A SEM image is provided in Fig. 6.18, demonstrating the area obtained after the removal

of the tape from the substrate. On the other hand, the addition of at least 0.5 wt.−% of a

water based inorganic-organic monomer to the MWNT dispersion used in the preparation

of the networks considerably enhanced the adhesion of the networks to the substrate. The

MWNT-NET-Si were therefore classified as “left on the substrate” after pulling off the tape.

In addition, the hardness of the networks has also raised from “6B” to “B”, enhancing even

to “2H” when prepared with higher concentrations of adhesion promoter. The mechanical

characterization of both MWNT-NET and MWNT-NET-Si is summarized in Table 6.1.

Table 6.1: Classification of MWNT-NET and MWNT-NET-Si deposited on borosilicate after
standard mechanical tests.

System Tape test Pencil test
classification classification

MWNT-NET Totally removed 6B
MWNT-NET-Si Left on the substrate B−2H
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Fig. 6.16: Variation of the sheet resistance of MWNT-NET (10 mg/ml in HDTAC) with the
increase of the concentration of adhesion promoters during the preparation of MWNT-NET-
Si.

Fig. 6.17: Photograph comparing the optical transparency of MWNT-NET (left) and MWNT-
NET-Si (right) deposited on borosilicate glass at 350 ◦C.
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MWNT network

Removed area

500 nm

Fig. 6.18: SEM image of MWNT-NET after the performance of the tape test.

6.1.4 Conclusion of the MWNT network studies

MWNT networks were successfully obtained on borosilicate substrates. Different param-

eters were investigated in order to find the optimum concentration of MWNTs in the net-

works, temperature of heat treatment, transparency in the visible range and mechanical

durability. It turns out that the combination of the optimum parameters can lead to MWNT

networks which:

• contain 10 mg/ml of MWNTs in their composition;

• present transparency of 78% in the visible range;

• were sintered at 350 ◦C;

• are smooth; and

• present sheet resistances as low as 20 kΩ/sq.

The drawbacks presented by these networks consist on their poor mechanical re-

sponse. Such networks are not hard nor adherent to the substrate, having failed stan-

dard test procedures for the determination of hardness and adhesion of coatings to the

substrate. The addition of low concentrations of an adhesion promoter to the dispersion
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of nanotubes used in the preparation of the networks can significantly improve such me-

chanical properties. However, this implies on the production of networks with higher sheet

resistances (i.e. lower electrical conductivity) on the substrate with preserved transparency

in the visible range. A minimum sheet resistance of 150 kΩ/sq can be obtained by ad-

herent MWNT-NET-Si against 20 kΩ/sq presented by MWNT-NET with comparable trans-

parency at 550 nm. Moreover, the low sheet resistance presented by networks treated at

low temperatures as 150 ◦C encourages their application in plastic substrates which do

not withstand higher temperatures of curing.

It has been established in the community studying carbon nanotube networks that a

direct comparison of sheet resistance results can be made when considering the trans-

mittance measured in a defined wavelength [237]. As a matter of fact, the measurement

of thickness in carbon nanotubes networks leads to relatively high scale bar errors due to

their very small nanometer size, therefore, resistivity does not apply in this case. Although

it is predicted that MWNTs can cause a decrease in the transmittance of films due to the

higher absorption related to their high diameters, MWNTs of 10 nm outer diameter used in

these work presented high transparency in the visible range, compared with that obtained

by SWNTs [236, 237, 254] or even superior to others presented by SWNT [255, 256] and

MWNT networks [237], as demonstrated in Fig. 6.19. The sheet resistance results were

also promising for MWNTs systems and performance similar to that obtained by SWNTs

networks [255,257] was presented. The advantage in the MWNT networks studied in this

work remain on their lower cost in comparison with SWNT networks.

Although the studied networks did not meet the requirements necessary for a properly

substitution of ITO in opto-electronic devices in terms of electrical conductivity, their optical

and electrical response as well as their low cost and simplicity of preparation allow them to

be employed in other applications where the high conductivity of ITO is not a requirement,

such as in antistatic materials [258].
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Fig. 6.19: Comparison of the sheet resistance of MWNT networks obtained in this work
with others reported in the literature as a function of their transparency measured at λ =
550 nm.

6.2 ATO/MWNT nanocomposites

6.2.1 Characterization of the ATO powder

The X-Ray diffraction pattern of the ATO powder prepared according to [33] is shown in

Fig. 6.20. The sharpness of the peaks evidences the crystallinity of the particles, which

were identified as the cassiterite form of SnO2 (PDF-Nr. 03-0439). It is also observed

that all peaks are slightly shifted to smaller 2θ values, indicating a change of the cell

parameters by the presence of the dopant (Sb), consistent with Vegard’s law applicable for

mixed oxides [259].

The crystalline structure of the nanoparticles was also confirmed by HRTEM. In Fig.

6.21, one can clearly see the lattice planes of the nanoparticles, with diameter sizes rang-

ing from 2 to 5 nm. The EDX analysis of the powder shown in Fig. 6.21b gives evidence

of the presence of the elements Sn, Sb, Cu, Cl, O and C (Cu and C come from the C-
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Fig. 6.20: X-ray diffraction of nanoscaled, crystalline SnO2 : Sb powder prepared under
hydrothermal conditions (150 ◦C for 3 h) [After Goebbert et al., 1999]. The inserted lines
correspond to the cassiterite form of SnO2.

sputtered Cu-net necessary for the microscopic investigation). The amount of Sb detected

by EDX was about 5 at.−%. Elemental analysis of the powder through AES shows as

result 1.18±0.01 wt.−% of Sb and 57.85±0.59 wt.−% of Sn.

5 nm

(a) (b)

Fig. 6.21: Investigations of ATO nanopowder obtained by hydrothermal crystallization at
150 ◦C for 3 h [After Goebbert et al., 1999]. (a) HRTEM evidencing overall particle diameter
of 3 nm; (b) EDX analysis of the powder.
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6.2.2 Characterization of the sols used in the ATO/MWNT studies

The dispersion of ATO particles in TMAH (25 wt.−%) was investigated by TEM, as de-

picted in Fig. 6.22). It is a clear, orange-colour sol, where no visible agglomeration of

particles is verified, as shown in the inset. Individual particles of 3−4 nm in diameter (in

accordance with Fig. 6.21a) can be seen in the TEM micrograph, indicating the suitability

of the dispersing agent (TMAH) and the pH chosen (11) in the preparation of stable ATO

suspensions. No precipitation of particles was seen for at least 1 year. UPA investigations

confirm the results, as one can see in Fig. 6.23. The monomodal distribution shows that

90% of the particles have diameters lower than 12 nm and 10% lower than 5.1 nm. Since

most aqueous colloidal systems are stabilized by electrostatic repulsion, the larger the re-

pulsive forces between particles, the less likely they will be to come close together and

form aggregates. Therefore, the results obtained evidence that colloidal ATO suspensions

prepared with TMAH at pH 11 lead to high repulsive forces between the ATO nanoparticles.

The sols prepared by addition of MWNT dispersion to the ATO suspensions will be

hereafter written as ATO/MWNT sols. ATO/MWNT sols prepared with 1− 50 vol.−%
MWNT dispersions were clear, with a grey-like colour and stable for at least 2 months,

although less concentrated solutions presented a clearer aspect and remained free of

precipitations for longer times. The clear solutions obtained, specially in less MWNT-

concentrated cases, indicate the absence of powder agglomerates, what can be related

to an efficient dispersion of the MWNTs in the ATO matrix with the help of the cationic

surfactant.

6.2.3 ATO and ATO/MWNT coatings

In the first part of this Section, ATO coatings and nanocomposites prepared by the addition

of 10 and 20 vol.−% of dispersions of MWNTs to the ATO sol will be examined. These

concentrations correspond to final concentrations of 0.05 and 0.1 wt.−% (respectively)

of MWNTs in the composite with respect to the ATO particles from the matrix. The ATO

particles were prepared with concentration of 5 wt.−% in the TMAH.

The sintering temperature of 400 ◦C was chosen so as to preserve the structure of

MWNTs in the composite (see Section 6.3 for the thermal behaviour of the MWNTs in air).

Also pure ATO coatings were sintered at this temperature, in order to enable appropriate

comparisons with the ATO/MWNT composites.

In order to facilitate the reading, the nomenclature presented in Table 6.2 is adopted in
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20 nm

Fig. 6.22: TEM micrograph of ATO sol (25 wt.−% in TMAH) after Goebbert et al. 1999.
A picture of the sol is depicted in the inset.

Fig. 6.23: Ultrafine particle size analysis of ATO sol (25 wt.−% in TMAH 0.78 M) after
Goebbert et al. 1999.
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this Section.

Table 6.2: Nomenclature adopted for the different coatings studied in Section 6.2.3

Composition of the Coating Nomenclature adopted
5-layers ATO coating S ATO

5-layers (ATO : 10 vol.−% NH2-MWNT) S NH2 10
5-layers (ATO : 10 vol.−% COOH-MWNT) S COOH 10

5-layers (ATO : 20 vol.−% NH2-MWNT) S NH2 20
5-layers (ATO : 20 vol.−% COOH-MWNT) S COOH 20

6.2.3.1 Structural characterization

Fig. 6.24 shows HRTEM micrographs of a 3-layers spin coated ATO film deposited on

borosilicate substrate at 400 ◦C for 30 min. It is an homogeneous coating consisted of

well defined layers (∼ 33 nm) and with a thickness of 100 nm, as one can see in Fig.

6.24a. This thickness was also confirmed by ellipsometry measurements. In magnified

Fig. 6.24b, it is possible to see the ATO particles of diameter of ∼ 5 nm, in accordance

with results shown in 6.21. From the EDX analysis shown in Fig. 6.25, it was calculated

that about 3 at.−% Sb and 97 at.−% Sn are present in the coating. The Si peak is related

to the glass substrate while the C peak comes mainly from the glue used in the preparation

of the sample for the TEM investigations.

Fig. 6.26 shows TEM micrographs of S NH2 20 coating. The visualization of the

nanotubes in the matrix is difficult, since they are present in very low concentrations (Fig.

6.26a). Therefore, a magnified picture originated from Fig. 6.26a was edited in order to

facilitate the visualization. The result is shown in Fig. 6.26b. The film consists basically on

ATO particles of 4 nm in diameter. A single MWNT of about 8 nm diameter is highlighted

in Fig. 6.26c.

The SEM images present in Fig. 6.27 indicate that the addition of the MWNTs to the

ATO matrix (Fig. 6.27b) do not change the overall morphology of the original coating (Fig.

6.27a). This is strongly related to an effective dispersion of the nanotubes in the ATO ma-

trix with the help of the HDTAC surfactant, which might lead to individually separated and

coated nanotubes. Comparative studies were performed using an anionic and a non-ionic
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(a)

10 nm

(b)

Fig. 6.24: HRTEM investigations of 3-layers ATO coating on borosilicate sintered at 400 ◦C
for 30 min. (a) Cross-section view of the 3 layers; and (b) magnified micrograph highlight-
ing the ATO particle size.

Fig. 6.25: EDX spectrum of 3-layers ATO coating deposited on borosilicate at 400 ◦C for
30 min.

surfactant in order to support this affirmation. As a matter of fact, addition of MWNT dis-

persions in sodium dodecyl sulphate (anionic) and TritonX-100 (non-ionic) surfactants to

the ATO sol (prepared in the same conditions as MWNTs in HDTAC) has lead to coatings

with a very different surface than those presented in Figure 6.27. The aggregative behav-



6. Results and Discussion 65

5 nm

(a)

hollow core

walls
walls

(b)

10 nm

(c)

Fig. 6.26: TEM micrographs of S NH2 20 (ATO/MWNT coatings).

ior observed denotes the ineffective dispersion provided by these surfactants (see SEM

images in Appendix 9.5).
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Fig. 6.27: SEM micrographs of (a) S ATO and (b) S NH2 20, sintered at 400 ◦C in air for
15 minutes.

6.2.3.2 Electrical properties

Thickness (t), resistance (Rsq) and resistivity (ρ) values measured for the different sys-

tems studied are summarized in Table 6.3. All coatings containing MWNTs present lower

resistivity in comparison with S ATO. It is an evidence that the nanotubes can improve the

conductivity of ATO coatings due to an efficient dispersion of the nanotubes in the ma-

trix with the help of the HDTAC surfactant. Moreover, one can see from this table that

the carbon nanotubes containing −COOH functionalization provided relatively lower re-

sistivity values in comparison with coatings prepared with −NH2 functionalized MWNTs.

S COOH 20 was the coating with higher conductivity. Its resistivity is 16 times smaller than

that of pure ATO [260].

Table 6.3: Thickness, resistance and resistivity values obtained for ATO and ATO/MWNT
coatings.

System t(nm) Rsq (kΩ) ρ (Ω.cm)
S ATO 84±2 117.45 9.9×10−1

S NH2 10 83±3 42.67 3.5×10−1

S COOH 10 86±2 20.73 1.8×10−1

S NH2 20 65±5 23.06 1.5×10−1

S COOH 20 51±4 12.15 6.2×10−2
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On the other hand, it has to be emphazised that higher temperatures of treatment of

ATO coatings can lead to higher electrical conductivities as a consequence of a more effi-

cient sintering process, which increases the contact between the conductive nanoparticles.

As one can see from Fig. 6.28, the sheet resistance of ATO films decreases from 3 MΩ/sq

to 4 kΩ/sq by enhancing the sintering temperature from 130 to 550 ◦C. However, when the

same study is performed with ATO/MWNT composites containing 0.48 wt.−% MWNTs,

it is clear that, at temperatures higher than 400 ◦C, the nanotubes are playing no role on

the electrical properties of the coatings, since resistances similar to that obtained by pure

ATO coatings at such high temperatures are measured. At lower temperatures, the sheet

resistances obtained by ATO/MWNT nanocomposite are slightly lower than the measured

by ATO coatings prepared at the same temperatures, suggesting the the nanotubes can

contribute for the enhancing of the electrical properties and that an efficient dispersion

of the MWNTs can be achieved in the matrix with the help of surfactants. However, at

higher temperatures, the nanotubes are oxidized and, therefore, all contribution regarding

electrical conductivity comes exclusively from sintered ATO nanoparticles.

Fig. 6.28: Sheet resistance of ATO and ATO/MWNT coatings as a function of the sintering
temperature.

Nevertheless, comparing the resistivity values obtained for S COOH 20 with most of

that presented by ATO coatings in the literature, films with similar electrical properties can

be obtained. The advantage of the films demonstrated in this work is that lower sintering
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temperatures and less ATO nanoparticles are needed therefore. Normally, since electric

conductivity results from direct contact between powder particles, it is necessary for the

conductive powder, e.g. ATO, to be present in the dry film in a large proportion (usually

more than 50 wt.−%) in order to provide the film with adequate electric conductivity. This

increases the costs of a conductive film made by the wet process and leads to losses of

physical, mechanical and thermal properties of the coating [261].

Once lower resistivity values were obtained with composites containing−COOH MWNTs,

these nanotubes will be the material of consideration hereafter in this section.

The decrease on the thickness observed in Table 6.3 is due to the presence of less ATO

particles in coating provenient from the addition of MWNTs to the matrix. The tendency

on thickness decrease of ATO/MWNT coatings as the MWNTs are added to the matrix

can be observed in Fig. 6.29. In this case, the composites were prepared with higher

concentrated ATO suspension (25 rather than 5 wt.−% in TMAH) in order to allow the

measurement with more precision.

The resistivity of such thicker ATO/MWNT coatings was also studied as a function of dif-

ferent concentrations of -COOH MWNTs in their composition, varying from 1−50 vol.−%
and the behavior was plotted in Fig. 6.30. At the 0% position, only ATO particles are

present in the coating and, consequently, only ATO contributes for the electrical conduc-

tivity of the film. At the positions 1% and 5%, corresponding to 0.03 and 0.15 wt.−% of

MWNTs in the composite, the resistivity increases in comparison with pure ATO. At these

positions, less ATO particles are in contact and the concentration of MWNTs present is

not yet sufficient to allow the formation of a percolation path in the coating. Both situations

lead to a increase of the resistivity in these films. In the range 10− 20%, however, a dif-

ferent behavior is observed. The resistivity in this range is lower than that presented by

pure ATO in position 0%. Probably at these concentrations (0.3−0.6 wt.−% of MWNTs),

there exist enough MWNTs in contact, allowing electrical conductivity through the nano-

tubes. It is also an indication of an appropriate dispersion of the MWNTs in the ATO matrix.

There must be a competition between the MWNTs and ATO for the contribution to elec-

trical conductivity in the composites at these compositions. At concentrations higher than

25 vol.−% MWNTs (i.e. 0.75 wt.−%), the resistivity increases to higher values than

presented by pure ATO. This behaviour can be strongly related to inefficient dispersions

of MWNTs in the ATO matrix at higher concentrations, according with the results shown in

Section 6.2.2.



6. Results and Discussion 69

Fig. 6.29: Thickness of ATO/MWNT nanocomposites with different compositions.

Fig. 6.30: Resistivity of ATO/MWNT coatings as a function of the concentration of MWNT
dispersion in the matrix precursor.
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6.2.3.3 Transmittance in the visible range

The coatings presented in Table 6.2 present high transparency in the visible range, with

values between 87−88% measured at λ = 550 nm. A photograph is showing the appear-

ance of the coatings in Fig. 6.31. Apparently S ATO and S COOH 20 are not different,

although the resistivity of S COOH 20 is superior.

Fig. 6.31: Photograph illustrating the transparency of S ATO (left) and S NH2 20 (right).

ATO films show a strong absorption in the upper part of the visible and the near infrared

range, related to a free charge carrier absorption (Fig. 6.32). When less ATO particles

are present as in the case of the ATO/MWNT composites, the transmission of the films

significantly increases in the visible range. Since less ATO particles are present, there is

a decrease in the charge carrier density leading to a shift of the plasma absorption band

towards the IR. As a result, the absorption does not occur in the visible and the obtained

films are colorless.

6.2.3.4 Mechanical Properties

The decrease of the content of ATO particles was also expected to influence on the me-

chanical properties of the coatings. After the adhesion test using the tape test proce-

dure [245], both ATO as ATO/MWNT composites were classified as “left on the substrate”,

suggesting that the nanotubes are well dispersed in the matrix. It also evidences that the

presence of nanotubes in the coating does not negatively affect the mechanical perfor-
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Fig. 6.32: Transparency of ATO and ATO/MWNT coatings.

mance of ATO. Contrarily, the addition of MWNTs has increased the hardness of the ATO

coatings from H to 2H − 6H, depending on the concentration of nanotubes. The me-

chanical characterization of both MWNT-NET and MWNT-NET-Si is summarized in Table

6.4.

Table 6.4: Classification of ATO and ATO/MWNT coatings deposited on borosilicate after
standard mechanical tests.

System Tape test Pencil test
classification classification

ATO Left on the substrate HB
ATO/MWNT Left on the substrate 2H−4H
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6.2.4 Conclusion of the ATO/MWNT nanocomposites studies

ATO and ATO/MWNT coatings were succesfully deposited on borosilicate substrates. The

addition of MWNTs to the ATO matrix has lead to improved electrical properties of the

coatings. This behavior was observed when MWNT dispersions in HDTAC (preparation

reported in Section 5.1.2) were added to the precursor ATO sol in concentrations vary-

ing from 10− 25 vol.%. The lowest resistivity of 6.2× 10−2 was obtained for coatings

prepared with ATO containing 0.1 wt.−% of MWNTs and sintered at 400 ◦C. Although

this resistivity is still lower than that performed by ITO, this value is in the same order of

magnitude of ATO coatings prepared by sol-gel presented in the literature [33, 180, 183].

The high transparency of 88 % in the visible range is also comparable or superior to other

studies of ATO coatings produced by sol-gel already reported [184]. The advantages of the

ATO/MWNT developed in this work is that films with the same resistivity and transparency

in the visible range as the ones reported in the literature can be obtained at temperatures

lower than 550−600 ◦C using less ATO nanoparticles. It is evident that ATO itself produces

electrical transparent films. In this case, however, in order to impart electrical conductivity,

the amount of powder employed exceeds 50 wt.−% and, therefore, a decrease in the

strength and the transparency of the film can not be avoided. The nanotubes used in this

investigation have diameters of 10 nm, what reduces scattering of visible light and prevents

a decrease in the transparency, associated with the presence of less ATO particles in the

composition of the film. Furthermore, the addition of MWNTs leads to increased hardness

of the ATO coatings (from HB to 2H−4H) [262].
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6.3 TiO2/MWNT nanocomposites

6.3.1 TiO2 sol and TiO2/MWNT dispersions

The TiO2-based sol [240] is a clear, yellowish, stable sol (no precipitation observed in at

least 2 years) which is shown in Fig. 6.33. The addition of MWNTs to this sol leads to the

production of dark, black solutions. The higher the concentration of nanotubes in the sol,

the faster the visible sedimentation of the carbon nanotubes.

Fig. 6.33: TiO2-based sol developed at INM facilities [After Mennig et al., 2003].

6.3.2 TiO2/MWNT coatings

6.3.2.1 Structural properties

Micrographs obtained by HRTEM of TiO2/MWNT coatings containing 5 mg/ml nano-

tubes are shown in Fig. 6.34. The very good contrast with the TiO2 matrix allows an easy

observation of the MWNTs, as demonstrated in Fig. 6.34a. Outer diameters ranging from

5-8 nm are recognized. The narrows indicate typical defects in the structure of the MWNTs

prepared by the CVD process, which can significantly influence on other properties of the

material. In Fig 6.34b, one can see that the MWNTs present typical curved end-caps,

also expected for CVD-made nanotubes, as indicated by the narrows. It is also possible to

predict the number of concentric tubes in the MWNTs from the depicted area, as shown
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in 6.34c. The concentric tubes vary from 3 to 7 nanotubes. In this Figure, a bare scale

was built in order to facilitate the visualization of 6 concentric walls. Fig. 6.34d shows the

EDX spectrum obtained for this coating. It has mainly detected Ti element present in the

matrix, while the Cu peaks are related to the grid used in the preparation of the samples

for HTEM investigations.

10 nm

(a)

5 nm

(b)

(c) (d)

Fig. 6.34: HRTEM images of TiO2/MWNT (5 mg/ml) with different magnifications. (a)
Defects on the structure of the MWNTs; (b) curved end-caps of MWNTS; (c) a MWNT
containing 6 inner nanotubes; and d) the EDX spectrum of the coating.
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Investigations of the morphology of TiO2 coatings deposited on borosilicate were also

performed and are shown in Fig. 6.35. No crystalline structure of TiO2 has been observed

by HRTEM in coatings sintered at 400 ◦C (Fig. 6.35a). This is due to the sintering temper-

ature used, which was not sufficient to promote the crystallization of an anatase or rutile

phase of TiO2. The results were supported by X-Ray investigations shown in Fig. 6.35b,

where no crystalline phase is identified.

5 nm

(a) (b)

Fig. 6.35: Investigations of TiO2 coatings deposited on borosilicate and sintered at 400 ◦C.
(a) HRTEM image shows that no crystalline phase is present; (b) X-Ray investigations
confirms the observation.

Raman investigations of TiO2/MWNT composites (5 mg/ml MWNTs) are shown in

Fig. 6.36. Also here, no sign of anatase TiO2 crystalline structure is detected at lower

Raman schifts [263], as shown in the inset. On the other hand, the peaks related to the

presence of MWNTs are easily recognized between 2500 and 2700 cm-1 (D* band) and

at 1324 cm-1 (D band). The G-band is revealed at 1596 cm-1. The higher intensity of the

D-band im comparison with the G-band quite typical for MWNTs prepared by CVD process

denotes defects in the structure of the tubes, as pointed out in Fig. 6.34a.
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Fig. 6.36: Raman spectrum of TiO2/MWNT coatings containing 5 mg/ml MWNTs

FESEM images of TiO2 and TiO2/MWNT composites prepared with different con-

centrations of MWNTs are shown in Fig. 6.37. Clearly, the introduction of MWNTs into

the matrix dramatically changes the overall morphology of TiO2 coatings. Films contain-

ing MWNTs have a very inhomogeneous surface in comparison with pure TiO2 coatings

(6.37a). This can be an indication of the presence of MWNTs at the surface of the coating

and also of a low dispersion of the nanotubes in the matrix. Films containing 1.0 mg/ml

MWNT (Fig. 6.37b) seem to present poor connections among nanotubes, while films pre-

pared with 3.0 (Fig. 6.37c) and 5.0 mg/ml MWNTs (Fig. 6.37d) reveal a more efficient

connective network of nanotubes. The topography of this last coating is shown in Fig.

6.38. It is important that the nanotubes are in contact to each other forming a percolation

path in order to provide the coating electrical conductivity.
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500 nm

(a)

500 nm

(b)

500 nm

(c)

500 nm

(d)

Fig. 6.37: FESEM micrographs of (a) TiO2 and TiO2/MWNT coatings containing (b) 1, (c)
3, and (d) 5 mg/ml MWNTs.

6.3.2.2 Electrical properties

The presence of a connective network of CNTs within the insulating TiO2 matrix was

characterized by sheet resistance measurements using the 4-points technique. The sheet

resistance of coatings containing different concentrations of MWNTs is shown in Fig. 6.39.

The results confirm the FESEM observations: the percolation of nanotubes is reached

when MWNTs are present in a concentration of 3.0 mg/ml or higher [264]. At concen-

trations lower than that, the MWNTs are not efficiently connected to each other, while at

concentrations higher than 3.0 mg/ml, a significant decrease of the sheet resistance of

the films (from some MΩ to just a few kΩ) is observed due to strong connections be-
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Fig. 6.38: WLI image of TiO2/MWNT coating (5 mg/ml MWNTs) deposited on borosilicate
glass.

Fig. 6.39: Variation of the sheet resistance of TiO2/MWNT composites as a function of the
concentration of MWNTs in the coatings.
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tween the nanotubes. It has been suggested in the literature that this behaviour can be

attributed to an increase of the concentration of free electrons in the conducting band of

TiO2 by the presence of CNTs, thus promoting electron transfer through the TiO2/MWNT

coating [265, 266]. Considering films prepared with 5.0 mg/ml MWNT (80 nm thick), the

resistivity calculated was 2.0×10−1Ω.cm.

The lowest concentration of 3 mg/ml observed in order to have carbon nanotubes per-

colating in the film can be considered as too high. A low efficient dispersion of the nano-

tubes in the TiO2-based sol could be the explanation for that. Another possibility is that

the high-shear process used in order to obtain finer dispersions had cut the nanotubes

in length, disminishing their aspect ratio. This behaviour, however, was not observed by

MWNTs dispersed in HDTAC and submitted to the same high-shear process, as presented

in Section 6.1.

6.3.2.3 Transmittance in the visible range

The coatings containing at least 3 mg/ml nanotubes present a low transparency in the

visible range, at the best 52%, as depicted in Fig. 6.40. This can be related to a poor

dispersion of the nanotubes within the matrix. The addition of MWNTs to the TiO2 coating

has significantly affected its transmittance. A lowering from 72 to 37 % can be observed

when MWNTs are added in concentrations of 5 mg/ml. A picture was taken in order to

compare the coatings and is shown in Fig. 6.41. Although the nanocomposites present

a low transparency in the visible range, they have a clear appearence and no visible ag-

glomerations of MWNTs are observed in the surface of the coating.

6.3.2.4 Mechanical properties

The presence of the MWNTs in the TiO2 sol negativelly affects the mechanical properties

of the TiO2 coating (Table 6.5). The films, originally classified as “left on the substrate”,

have performed “partially removed from the substrate” after the tape test. Additionally, the

hardness of the TiO2 coating severely decreased from 2H to 6B. These results confirm

that a poor conection was established between the nanotubes and the TiO2 matrix.
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Fig. 6.40: Transmittance of TiO2 and TiO2/MWNT coatings prepared with different con-
centrations of MWNTs.

Fig. 6.41: Photograph comparing the transparency of TiO2 (left) and TiO2/MWNT
nanocomposites containing 3 mg/ml MWNTs (right).
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Table 6.5: Classification of TiO2 and TiO2/MWNT coatings deposited on borosilicate after
standard mechanical tests.

System Tape test Pencil test
classification classification

TiO2 Left on the substrate 2H
TiO2/MWNT Partially removed from the substrate 6B

6.3.3 Conclusion of the TiO2/MWNT nanocomposite studies

TiO2/MWNT nanocomposites with resistivity as low as 2.0× 10−1 were obtained. The

transmission of conductive coatings in the visible range was lower than 52%. This result

limits the use of such coatings in applications where a high transmittance at 550 nm is

required. A comparison with ITO coatings is not possible to be made, since the nanocom-

posites do not show the transmittance and resistivity required for applications in opto-

electronic devices.

MWNTs presented a detrimental effect on the composite properties such as load-

tranfer mechanism failure resulting in inferior composite mechanical properties and poor

appearance due to an innefient dispersion in the TiO2 matrix. Comparing the results

obtained in this part of the study with the MWNT networks and ATO/MWNT composites

presented in the previous sections, it can be said that an efficient dispersion of the car-

bon nanotubes is achieved when an appropriate concentration of surfactant is present. In

the TiO2/MWNT studies, CNTs did not overcome the van der Waals attractions. There-

fore modifications are required in the composition of the dispersion or in the surface of

the nanotubes in order to enhance the electrostatic/repulsive forces and promote efficient

dispersions.



7. SUMMARY AND CONCLUSIONS

Conductive coatings based on multi-walled carbon nanotubes (MWNTs) have been devel-

oped in this work by sol-gel spin coating technique as possible alternative materials for

transparent and conductive devices.

MWNTs (Nanocyl S.A.) were chosen as material of choice due to their lower cost in

comparison with other kind of nanotubes available in the market (see Appendix 9.7). Their

lower prices are related to the synthesis process of the nanotubes: MWNTs are easier and

less expensive to produce because current synthesis methods for SWNTs result in major

concentrations of impurities that require removal by acid treatment.

Functionalized MWNTs were investigated in order to enable good dispersions of the

MWNTs in the solvents studied. It turns out that −COOH functionalized MWNTs are

less stable during heat treatment in air than −NH2 functionalized nanotubes, what can be

related to evaporation of water from the surface of those MWNTs. Catalysts metals (Co

and Fe) were encapsulated in both kinds of nanotubes. A huge D-band in comparison with

the G-band was detected by Raman spectroscopy, indicating the presence of defects in

the structure of the powders or the presence of impurities, such as the catalysts metals, in

the samples analyzed.

Absolute zeta potentials as high as 57 mV were observed when the MWNTs were

dispersed in water containing hexadecyl trimethylammonium chloride (HDTAC), a cationic

surfactant. Such high absolute zeta potential obtained indicates that the repulsive forces

were strong enough to overcome the van der Waals attraction between the carbon nano-

tubes, leading to the formation of stable dispersions. This can be related to the long tail

groups and unsaturated C-C bonds in the chosen surfactant, which can greatly contribute

to the stabilization of CNT dispersions, since the increase in the number of carbon-carbon

double bonds per surfactant tail decreases the size of the CNT agglomerate.

MWNTs were studied both as networks as well as embedded in conductive and insu-

lating matrixes. Different techniques were applied in each single study for the characteri-

zation of the structural, electrical, optical and mechanical properties of the networks and



7. Summary and conclusions 83

coatings.

As networks deposited on borosilicate substrates, concentration of 10 mg/ml of MWNTs

dispersion in HDTAC has lead to the formation of smooth networks with transparency of

78% in the visible range and sheet resistances as low as 20 kΩ/sq, but with poor adhe-

sion to the substrate and hardness. When adhesion promoters are added to the networks,

significantly improvement of the mechanical properties are observed. However, the sheet

resistance of the networks increases as a function of the presence of the insulating par-

ticles originally from the adhesion promoter. Adherent networks present minimum sheet

resistance of 150 kΩ/sq. The transmittance in the visible range was not affected in this

case. The MWNT networks studied in this work present transparency compared with that

obtained by SWNTs [236, 237, 254] or superior to others presented by SWNT [255, 256]

and MWNT networks [237]. Also the sheet resistances obtained were similar to that pre-

sented by SWNTs networks reported in the literature [255, 257]. The advantage in the

MWNT networks studied in this work lays on their lower cost in comparison with SWNT

networks.

ATO and ATO/MWNT coatings were succesfully deposited on borosilicate substrates.

The addition of MWNTs to the ATO matrix in concentrations varying from 10− 25 vol.%
has lead to improved electrical properties of the coatings. A lowest resistivity of 6.2×
10−2Ω.cm was obtained for coatings prepared with ATO containing 0.1 wt.−% of MWNTs

and sintered at 400 ◦C. In spite of containing carbon nanotubes, transparency is main-

tained and 88% is obtained in the visible range. Such values are compared with others

reported in the literature for the production of ATO coatings by sol-gel. The advantage

on using the coatings developed in this work is that a transparent conductive film using a

small quantity of electrically conductive powder is economically advantageous. Moreover,

a decrease in the strength and adhesion of the film restrained by large quantities of pow-

der can be prevented. Indeed, the addition of MWNTs has increased the hardness of the

coatings from HB to 2H−4H, depending on the concentration of nanotubes employeed.

TiO2/MWNT nanocomposites with resistivity as low as 2.0× 10−1Ω.cm were ob-

tained. The transmission of conductive coatings in the visible range was lower than 52%.

This result limits the use of such coatings in applications where a high transmittance at

550 nm is required. MWNTs presented a detrimental effect on the composite properties

such as load-transfer mechanism failure resulting in inferior composite mechanical proper-

ties and poor appearance. Comparing the results obtained in this part of the study with the

MWNT networks and ATO/MWNT composites presented in the previous sections, it turns

out that an efficient dispersion of the carbon nanotubes is achieved when an appropriate
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concentration of the cationic surfactant HDTAC is present. In the TiO2/MWNT studies,

CNTs did not overcome the van der Waals attractions. Modifications are required in the

composition of the dispersion or in the surface of the nanotubes in order to enhance the

electrostatic/repulsive forces and therefore promote efficient dispersions.

Commercial applications making use of the bulk properties of CNTs are not yet avail-

able as predicted in the past. This will only be possible when a better understanding

of CNTs and refination of their synthesis process will be reached. In a single sample,

MWNTs differ in diameter, number of walls and length. Moreover, different methods of

productions lead to different levels of defects and byproducts. The application of CNTs

in electronic devices is strongly dependent upon the reproducibility of individual CNTs on

the large scale. However, precise control of nanotube morphology has yet to be realized.

In addition, challenges remain in identifying appropriate dispersion protocols that can be

used in economically attractive large-scale manufacturing.

Although the studied coatings did not meet the requirements necessary for a properly

substitution of ITO in opto-electronic devices, their optical and electrical response as well

as their low cost and simplicity of preparation allow them to be used in other applications

where the high conductivity of ITO is not a requirement, such as in transparent antistatic

layers [258].



8. OUTLOOK

1. The flexible electronics industry is growing fast, and consequently, plastic materials

are promising to substitute glass in many fields. Therefore, the deposition of MWNT

networks in plastic substrates would be also of great interest. Preliminary studies

were conducted on polycarbonate (PC) substrates [267] and the results are shown

in Appendix 9.8.

2. A subsequent patterning of the coatings studied would lead to functional structures

and allow the creating of low-cost electronic devices. Different patterning techniques

could be used for structuring the coatings presented in this work. Studies of direct

laser interference patterning were recently performed [268] and are shown in Ap-

pendix 9.9.

3. The sintering of the networks and coatings in a reducing atmosphere could eventu-

ally lead to lower resistivities. In the case of networks, for example, a carbon atom

from the carbon nanotube structure could be substituted by a nitrogen atom prove-

nient from the atmosphere. The thermal degradation of the carbon nanotubes was

performed under forming gas atmosphere and it was found out that their structure is

preserved at temperatures much higher than 400 ◦C (see Appendix 9.10). In addi-

tion, preliminary studies on TiO2/MWNT networks sintered in forming gas at 400 ◦C
for 30 min have shown that the sheet resistance of the coatings decreases from 40
to 15 kΩ/sq.

4. The TiO2/MWNT coatings studied are not transparent in the visible range and there-

fore could not be used in applications where transparency is necessary. Neverthe-

less, the influence of the carbon nanotubes in the TiO2 matrix could be studied for

other applications, such as in photo-degradation efficiency of the coatings or im-

provement of the photocurrent [269,270].



9. APPENDIX

9.1 List of abbreviations

Table 9.1: List of abbreviations

AFM Atomic force microscopy
ATO Antimony-doped tin oxide
CNT Carbon nanotubes
TG Thermogravimetry
EDX Energy-dispersive X-ray spectroscopy
FESEM Field emitting scanning electron microscopy
GPTES Glycidoxypropyl-triethoxysilane
GPTS 3-Glycidyloxypropyl-trimethoxysilane
HRTEM High resolution transmission electron microscopy
HDTAC Hexadecyl trimethyl ammonium chloride
ITO Indium tin oxide (tin-doped indium oxide)
MWNT Multi-walled carbon nanotubes
Rsq Sheet resistance
SDS Sodium dodecyl sulphate
SEM Scanning electron microscopy
SWNT Single-walled carbon nanotubes
TCO Transparent conductive oxide
TCC Transparent conductive coating
TEM Transmission electron microscopy
TMAH Tetramethyl ammonium hydroxide
WLI White light interferometer
XRD X-ray diffraction
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9.2 List of used chemicals

Table 9.2: Chemicals used in the preparation of ATO powder

Starting Material Molecular for-
mula and molec-
ular weight

Purity Supplier

Tin (IV) chloride pentahy-
drate

SnCl4.5H2O,
350.58

+98% Aldrich

Antimony (III) chloride SbCl3, 228.11 > 99% Fluka
Ammonia solution NH4OH, 35.04 p.a. Ridel-de Häen
β-alanine C3H7NO2 > 99% Fluka
Tetramethyl ammonium hy-
droxide

C4H13NO, 91.15 p.a. Acrós Organics

Table 9.3: Surfactants used for the dispersion of MWNTs

Surfactant Molecular formula and
molecular weight

Supplier CMC in water
at 298 K

Sodium do-
decylsulphate
salt

C12H25NaO4S, 288.38 Merck 8.1 mM

Triton X-100 C4H22O(C2H4O)n Merck 0.22− 0.24×
10−3 mol/l

Hexadecyl
trimethy-
lammonium
chloride

CH3(CH2)15N(CH3)3Cl,
320.01

Aldrich 0.0032 mM
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9.3 List of instruments and equipment used

• Autoclave: Teflon 250ml, DAH 904, Berghof

• Centrifuge Megafuge: 2.05, Heraeus

• Diffractometer 320 SII Seiko Instr.

• Dishwashing machine G7795/1 IR6001, Miele Aqua Purificator

• Film thickness: Profilometer P10 surface profilometer, Tencor

• High resolution transmission electron microscope (HRTEM): CM 200 FEG, Philips

• Microfluidizer Microfluidics Corp.

• Photon correlation spectrometer (PCS): ALV5000 DLS and SLS; ALV-Laser

• Scanning electron microscope (SEM): JSM 6400F, Jeol

• Sheet resistance: 34401A multimeter, Hewlett Packard

• Spectrophotometer Cary 5E Varian

• Spin Coater Model 1001, CPS II control system, CONVAC

• Substrate cleaning: Rinsing machine, professional IR 6001, Miele

• Transmission electron microscope (TEM): JEM-200CX, Jeol

• Ultrafine particle analyser (UPA): UPA 400, Grimm

• White lite interferometer (WLI) Zygo New View 5000

• X-ray diffractometer: D500, Siemens

• X-ray diffractometer: X’Pert MRD; Philips
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9.4 Metallic behavior of MWNTs

(a) (b)

Fig. 9.1: Typical behavior of MWNTs: (a) source drain current through the MWNTs mea-
sured as a function of the bias voltage; and (b) derived resistance as a function of the gate
voltage. MWNT networks show no gate action.
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9.5 ATO/MWNT coatings prepared with MWNTs

dispersed in anionic and non-ionic surfactants

3 œm 500 nm

500 nm 500 nm

Fig. 9.2: Scanning electron microscopy micrographs of ATO/MWNT coatings prepared
with −NH2 MWNTs dispersed in (a) sodium dodecyl sulphate and (b) Triton X-100; and
−COOH MWNTs also dispersed in (c) sodium dodecyl sulphate and (d) Triton X-100. The
poor appearance denotes aggregation of nanotubes in the cited surfactants.

The inefficient dispersion of functionalized MWNTs in sodium dodecyl sulphate and

Triton X-100 was also reflected in the electrical properties of the coatings: the resistivities

obtained were higher than that presented by pure ATO coatings.
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9.6 Preparation of TiO2-based sol used as a matrix for

the dispersion of MWNTs.

Preparation of TiO2-based sol [240]

Basic sols:

a. Synthesis of the Ti-containing sol (TIPOT)

176.3g (9.62mol) tetra-isopropyl-orthotitanate were added to 1276.6g 2-propanol. 62.0g

(0.62mol) acetylacetone were added under stirring. After 15 minutes stirring at room

temperature, a solution consisting of 17.22g water and 41.22g HCl 37% were slowly

added. The mixture was stirred at room temperature for 24h and stored in a refrigerator

(4 ◦C).

b. Synthesis of Si-containing sol (TEOS-hydrolysate)

494.35 g (2.37 mol) tetraethoxysilane and 362.5 g water were stirred at room temper-

ature. 6.88 g HCl 37% were added. The mixture was stirred continuously until it was

clear. After about 5 minutes, the sol became turbid for a few seconds. After this, the

reaction starts. The sol becomes clear again and the temperature increases. After the

reaction has been started, 638.3 g ethanol was added and stirred again for 2 hours.

The sol was stored at room temperature.

c. Synthesis of the GPTS-hydrolysate

326.34 g (1 mol) 3-Glycidyloxypropyl-trimethoxysilane and 27.0 g 0.1 N HCl were

stirred for 24 h at 40 ◦C. The resulting methanol has to be removed by vacuum distilla-

tion (50 mbar, 1 h, 45 ◦C). The hydrolysed sol was stored at room temperature.

Synthesis of sol for spin coating:

2002.0 g TIPOT was added under stirring to 829.4 g 2-propanol. 104.1 g TEOS-hydrolysate,

207.33 g 1-butanol and 2.14 g GPTS-hydrolysate were added and the mixture was stirred

for 5 minutes.
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9.7 Prices of commercially available carbon nanotubes.

Table 9.4: Prices of different commercially available CNTs.

Company Type of Price per gram
Nanotubes

Apex Nanomaterials Purified SWNTs 250 U$
(USA) (CVD and arc grown)
Bucky (USA) Purified MWNT and SWNT 150 U$ (MWNT) and

750 U$ (SWNT)
Carbol ex (USA) SWNT 100 U$
Carbon Nanotechnologies Different types of 500-2000 U$
Inc. (USA) SWNT HiPCo
n-TEC (Norway) Arc discharge MWNTs 40 e
Nanocyl S.A. (Belgium) CVD purified MWNTs 65-100 e (MWNT) and

and SWNTs 200-450 e (SWNT)
NANOLAB (USA) CVD SWNT purified 110-165 U$
Nanoledge (France) 60% pure SWNT 145 e
Sun Nanotech China Purified MWNT-acetylene and 3 U$

MWNT liquid petroleum gas
Timesnano / Chinese Purified SWNT and MWNT 3-10 U$ (MWNT) and
Academy of Science 30-50 U$ (SWNT)

Prices from September 2007

source: Companies’ homepages
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9.8 Coatings deposited on polycarbonate (PC) substrate

a)

b)

Fig. 9.3: Preliminary studies of the deposition of ATO/MWNT and MWNT networks on
polycarbonate (PC) substrates. (a) Sheet resistance as a function of the concentration
of MWNTs; and (b) transparency of the coatings. Both ATO/MWNT and MWNT networks
were deposited by spin coating and sintered in air at 130 ◦C for 3 h.
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9.9 Direct laser interference patterning of the coatings

Fig. 9.4: Scanning electron microscope micrographs of irradiated ATO/MWNT coatings
with (a, b) two and (c, d) three laser beams interference patterns: (a) Laser fluence =
207 mJ/cm2; (b) Laser fluence = 483 mJ/cm2; (c, d) Laser fluence = 644 mJ/cm2. The
insert in (d) shows the surface morphology at the interference maximum (Max.) and mini-
mum (min.). The scale bar in the insert of (d) is 200 nm. Well defined arrays of conductive
nanostructures can be fabricated in one single laser pulse.
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Fig. 9.5: Scanning electron microscope micrographs of irradiated MWNT-NET-Si with (a,
b) two and (c, d) three laser beams interference patterns. The laser fluences were (a) 272,
(b) 251, (c) 163, and (d) 211 mJ/cm2. The insert in (b) shows the surface morphology at
the interference maximum (Max.) and minimum (min.). The scale bar in the insert of (b) is
200 nm.
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Fig. 9.6: Scanning electron microscope micrographs of low-adherent MWNT-NET irradi-
ated with two laser beam configuration. The laser fluence was 309 mJ/cm2. In (a), three
laser interference minima are observed. (b) Detail at interference minimum and maximum.
The insert in (b) shows the surface morphology at the maxima (Max.) and minima (min.).
The scale bar in the insert of (b) is 200 nm.
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9.10 Thermogravimetric analysis of MWNTs under

forming gas atmosphere

Fig. 9.7: Thermal behaviour of MWNTs under forming gas atmosphere (10 ◦C/min).
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