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V 

Summary 
Electrically conductive composite materials are of academic and industrial interest. 

This is due to the well-known advantages of combining the properties of individual 

components in one material, as well as increasing demands for flexible, strong, 

lightweight and even transparent electronics. However, the overall conductivity of 

existing composites is usually orders of magnitude below that of the fillers alone. This 

thesis aims at characterizing and understanding the influence of a polymer matrix on 

the conductivity of its filler network. In addition, determining the effect of nanoscale 

filler properties on the macroscale conductivity of a polymer composite can help 

future composites to achieve their maximum potential, namely the conductivity of 

the fillers themselves.  

The model system consists of single-walled carbon nanotubes (SWCNTs) as 

conductive fillers and an epoxy/amine polymer matrix. Such composites are typically 

prepared by dispersing SWCNTs into a polymer, generally leading to inhomogeneous 

composites with low conductivities. However, in-situ resistance measurements 

performed during the impregnation process of a pre-formed SWCNT network with a 

polymer mixture reveals the effect that individual polymer components have on the 

conductivity of the SWCNT network. This approach also results in highly conductive, 

homogeneous composites. Tip-enhanced Raman Mapping confirms the composite’s 

homogeneity beyond visual appearances, as well as to identify tube-breaking in the 

samples subjected to mechanical stress. A simple model, based on and validated by 

real SWCNT networks (as prepared and impregnated with a polymer) combines 

experimental results with theoretical calculations to bridge the gap between 

macroscale and nanoscale down to individual tube-tube contacts. Results show that 

the conductivity of a composite results mainly from direct contacts and that tunneling 

contacts hardly contribute in the former’s presence. Quantitative conductive atomic 

force microscopy (C-AFM) measurements are used to verify the homogeneity of the 

composite material in terms of local electrical properties. Measurements done at the 

cross-section of a bulk composite film as well as on thin sections of it emphasize the 

limitations associated with C-AFM as well as its benefits.  

The combined approach of different experiments with model calculations for the 

same material proves to be fruitful in terms of linking nanoscale features down to 

individual tube-tube contacts to the macroscale electrical properties of a polymer 

composite material. 



 



 1 
 
 
 

General introduction 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 



Chapter 1 

2 

 

 
Chapter 1

 
 

 
 

 
 

 
 

 
 

 

1.1 Electrically conductive composite materials 
 

A material containing two or more components easily distinguishable from one 

another is a composite material. The purpose of preparing a composite is to create a 

material with properties that are not offered by either individual components or any 

monolithic material.[1] On a macroscopic scale a composite material behaves like a 

homogeneous solid with a specific set of thermal, mechanical, electrical, etc. 

properties. 

The advantages of composite materials have been well-known throughout history, 

starting thousands of years ago when natural resources such as clay and straw were 

used to fabricate reinforced shelters. While characteristics and mechanical properties 

of component materials have changed throughout time, the same principles are used 

in modern-day buildings built from, for example, steel-reinforced concrete.  Other 

common composite materials are concrete (consisting of individual pebbles held 

together with a matrix of cement) or different types of engineered wood (consisting 

of strands, particles, fibers or boards of wood held together with adhesives). 

Composite materials generally contain a continuous phase, the matrix, and a 

discontinuous or dispersed phase that is embedded in the matrix, the filler. Based on 

these two types of components there can be different categories of composites. For 

example, composites can be ceramic-, metal- or polymer-based, depending on the 

matrix material or they can be fiber reinforced, particle reinforced or structural 

composites depending on the type of filler material.[1, 2] 

Electrically conductive composite materials are a sub-category of composites that 

typically use conductive fillers embedded in an insulating polymer matrix in order to 

combine the advantages of polymeric materials, such as excellent mechanical 

properties and easy processing, with the electrical properties of the fillers. These 

materials are of interest for both academic research and industry due to increasing 

demands for flexible, strong, light-weight and even transparent electronics. They 

have applications such as electromagnetic interference (EMI) shielding materials, 

antistatic coatings, sensors, electrodes, and are widely used in the automotive, 

aerospace, optical, medical and electronics fields. These composites have the 

potential to replace their metallic counterparts in electronics with additional benefits. 

Electrically conductive coatings and adhesives can solve a wide range of problems, as 

well as enable new applications for this type of materials. Moreover, conductive 
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composites have the potential to push the boundaries of existing materials in terms 

of physical and electrical properties and to provide an insight into new possible 

performances and applications. This also makes them interesting from a scientific 

point of view. 

Polymer matrices used for conductive composites can be either thermosets (for 

example, epoxy,[3] polyurethane,[4] or polyester[5]), thermoplastics (polypropylene,[6] 

polyethylene,[7] etc.) or elastomers (for example, styrene-based block copolymers,[8, 

9] or polysiloxanes[10]). Conductive fillers can be metal-based, such as stainless steel 

wires[6] or a variety of metal particles.[11] Carbon-based materials are very popular as 

conductive fillers due to their various geometrical and morphological aspects such as 

particle size, structure and porosity, and due to their versatility. Carbon-based fillers 

such as carbon black,[12] expanded graphite[8] and graphene,[13] carbon fibers,[14] or 

carbon nanotubes[15] have often been used to prepare electrically conductive polymer 

composites. 

 

1.2 Epoxy polymers as matrix for conductive composites 
 

Epoxy polymers are named after one of their reactive pre-polymer components which 

contains epoxide groups, often called “epoxy resins”.[16-18] These epoxy resins require 

co-reactants, often referred to as hardeners or curing agents, in order to achieve a 

cross-linking reaction (commonly referred to as the curing process) and form a 

thermoset polymer. Epoxy groups can react with amines, phenols, mercaptans, 

isocyanates or acids, with amines being the most commonly used curing agents (also 

known as hardeners) for epoxy resins.[16]  

Epoxy resins are produced on a large scale and are used for different applications, 

due to their excellent bonding properties, but also, after curing with a hardener, their 

excellent mechanical strength, chemical resistance and electrical insulation 

properties. These properties can vary with various curing agents and therefore can be 

controlled depending on the purpose of the material. Therefore, epoxy polymers have 

a wide range of applications such as paints, adhesives, electrical insulators and 

polymer matrices for composites. They are also widely used in coating technologies 

because they provide light-weight, transparent, scratch resistant and temperature 

resistant coatings with good adhesion properties. Due to their excellent performance 
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in different fields, epoxy polymers are often used as polymer matrices for composites 

in order to achieve superior mechanical,[19] thermal,[20] and electrical[21] material 

properties.  

 

1.3 Single-walled carbon nanotubes as conductive fillers 
 

Carbon nanotubes (CNTs) are long cylinders of covalently bonded carbon atoms that 

can be considered as long graphene sheets rolled into seamless tubular structures,[22] 

capped with fullerene hemispheres at the end parts. These cylinders can contain only 

one graphitic sheet, in the case of single-walled carbon nanotubes (SWCNTs), or 

several coaxial sheets, named multi-walled carbon nanotubes (MWCNTs). Depending 

on how the graphene sheet is rolled, different types of SWCNTs can be formed with 

various physical, optical and electrical properties. The vector pointing in the rolling 

direction is called the chiral vector  (the direction of the nanotube axis is 

perpendicular to the chiral vector) and is represented by a pair of indices (n, m).[23] 

The chiral angle between the chiral vector direction and the zigzag direction of the 

honeycomb lattice (n,0) (Figure 1.1a) can have values between 0° and 30°.[24]  

 

  
 

Figure 1.1│ Schematic of a) a sheet of graphene rolled into different types of SWCNTs 
(adapted from Amiot et al.[25]) and examples of b) a rope of SWCNTs and c) a MWCNT 
(adapted from Guay[26]). 
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When the tube axis is normal to the  = 0° direction with the indices (n,0), the 

SWCNT is called “zigzag” and has semi-metallic properties.  When the tube axis is 

normal to the  = 30° direction with the indices (n,n), the SWCNT is called “armchair” 

and has metallic properties. All the tubes that have a chiral angle 0° <  < 30° are 

called “chiral” and can have either metallic or semi-metallic properties.[24] In general, 

SWCNTs are produced as a mixture of one third metallic and two thirds semi-metallic 

tubes.[27] They have a tube diameter of about 1 nm, aspect ratios L/d (where L is the 

tube length and d is the diameter) of approximately 1000 and can be considered as 

nearly one-dimensional structures. SWCNTs are often found as ropes/bundles of 

aligned tubes (example in Figure 1.1b) due to strong van der Waals attraction 

forces.[28] These tubes are generally more expensive than their multi-walled 

counterparts but can be produced with high purity and quality (that is, with only a 

small amount of wall defects) and a high degree of uniformity in terms of physical 

dimensions. All these properties, in addition to their excellent mechanical and 

thermal properties, [29-32] make SWCNTs a good candidate as conductive fillers for 

polymer composites. Therefore these tubes have often been used in different 

composite materials to enhance their electrical properties.[33-35] 

Multi-walled carbon nanotubes on the other hand consist of multiple rolled layers 

of graphene (example in Figure 1.1c) with an interlayer spacing of 3.4 Å.[23] While 

each wall/layer can have electrical properties different from one another, the 

electrical properties of a MWCNT are given by the whole ensemble of layers, making 

it metallic. However, MWCNTs have a wide diameter range with the outer tube up to 

50 nm in diameter while the inner tube is usually several nanometers,[23] and they 

have a higher amount of defects in the outer layers as compared to SWCNTs. 

Therefore, MWCNTs might be more suitable for practical or industrial applications 

and not for systems that require a high degree of homogeneity for characterization 

purposes. 

 

1.4 Percolation theory 
 

The electrical conductivity of a composite material strongly depends on the filler 

content as well as aspect ratio and filler clustering. This behavior is generally 

described by percolation theory, which explains the development of a system 

spanning connectivity between the conductive fillers inside a polymer matrix.[36] At a 



Chapter 1 

6 

 

 
Chapter 1

 
 

 
 

 
 

 
 

 
 

 

low volume fraction of filler, when the filler particles are individually dispersed 

throughout the polymer matrix, the composite material has approximately the same 

conductivity as the polymer. As the filler content increases, the particles start to form 

connections with each other until they form a network that spans across the whole 

composite material. This critical point is called the percolation threshold and it 

coincides with a rapid increase in composite conductivity. At the percolation 

threshold the electrical conductivity increases many orders of magnitude over a small 

range of filler content (see percolation zone in Figure 1.2),[37, 38] after which the 

conductivity levels off and hardly increases with further addition of filler particles. 

The percolation threshold is basically the minimum filler content required to achieve 

a system spanning conductive network of fillers within the composite. However, 

factors such as the aspect ratio and clustering of the fillers can significantly influence 

the percolation threshold. 

 

 
 

Figure 1.2│ Schematic describing the conductivity as a function of filler content for composites 
containing a cylindrical type of conductive fillers. 
 

There are several models commonly used to describe the electrical conductivity of 

composites,[37] but they cannot predict the electrical conductivity for the full range of 

filler percentage. In fact, most available models are only applicable for spherical 

fillers.[39] CNT properties including particle size, aspect ratio, shape, flexibility, 

electrical conductivity, wettability between the filler and matrix, CNT volume 
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fraction, are all factors that can affect the composite conductivity. Moreover, CNTs 

can form individual aggregates with properties different than those of the individual 

tubes themselves. All these factors should be considered by any model in order to 

predict the conductivity of a CNT-based polymer composite over a wide range of filler 

content in a reliable manner, making the task rather complex and difficult. 

Because single-walled carbon nanotubes have very high aspect ratios (L/d ≈ 1000) 

and the ability to entangle with one another, composites containing them as 

conductive fillers only require a low content of tubes in order to reach percolation 

threshold. For the latter, values as low as 5.2×103 vol% have been reported in 

SWCNT-based epoxy composites.[40] However, no matter how low the percolation 

threshold is, no composite is known where the conductivity reaches its maximum 

potential, namely that of the CNTs themselves. Usually the conductivity of CNT-based 

polymer composites barely reaches a few hundred S/m regardless of the amount of 

filler particles in the material,[41-44] while pure CNT films can have conductivities in 

the range of 105-106 S/m.[45, 46]  

 

1.5 Aim and outline of thesis 
 

Even though CNT-based polymer composites were being prepared and studied soon 

after they were discovered in 1991[22, 47] with their conductive properties gaining 

interest as early as 1998,[48] these materials are still far from reaching their maximum 

potential. When mixing filler particles with a polymer, new interfaces and interphases 

are formed that provide the composite material with characteristics that deviate from 

the combined properties of the polymer and CNTs. There is still a gap of knowledge 

when it comes to understanding and connecting the large-scale conductive behavior 

of composites with the nanoscale properties and behavior of their SWCNT fillers.  

The aim of this thesis is to try to understand and characterize the influence that 

an epoxy/amine polymer matrix can have on the conductivity of its filler SWCNTs, 

and to determine the effect that nanoscale properties and SWCNT configurations may 

have on the bulk conductivity of a composite material. A better insight into linking 

the nanoscale characteristics and macroscale behavior of these materials can 

contribute to future polymer composites and help reaching their maximum potential 

in terms of conductivity. The thesis combines experimental approaches that allow 



Chapter 1 

8 

 

 
Chapter 1

 
 

 
 

 
 

 
 

 
 

 

preparing and characterizing a highly conductive, homogeneous and well-defined 

reference composite with theoretical considerations that can provide details which 

would otherwise be virtually impossible to obtain. The two approaches complement 

and verify each other and offer a better understanding on the requirements for a 

composite material to be as conductive as its filler network. 

Chapter 2 emphasizes the difficulties and challenges met by different preparation 

techniques typically used to obtain conductive polymer composites as well as the 

fundamental limitations that come with these approaches. A preparation approach 

that can potentially overcome these limitations is also suggested. 

In chapter 3 a different preparation approach than the ones generally used is 

explored, which allows for well-defined, easy to characterize conductive SWCNT 

networks to be prepared, before filling the gaps between the tubes with the polymer 

matrix. In-situ resistance measurements during the polymer impregnation process 

allowed us to determine (and differentiate between) the macroscale influence of the 

polymer mixture and its individual components on the conductivity of the existing 

SWCNT network. 

Chapter 4 describes the use of a tip-enhanced Raman mapping (TERM) technique 

to identify the SWCNT network underneath a thin polymer layer. These TERM 

measurements also show stress-induced breaking of individual CNTs in the composite 

material.  

Chapter 5 describes a simple network model, developed based on and verified by 

previously prepared SWCNT networks and polymer impregnation experiments. This 

model explains the influence of nanoscale properties such as tube-tube contact 

resistances and configurations on the macroscale conductivity of the SWCNT 

networks alone, as well as on the conductivity of the final polymer composite. The 

results obtained using this model bridge the gap between nanoscale and macroscale 

properties and explain the key aspects required for polymer composites to reach their 

maximum potential. 

Chapter 6 presents a systematic approach to characterizing the previously 

prepared SWCNT polymer composites via conductive atomic force microscopy (C-

AFM). It is illustrated how to obtain reproducible and quantifiable information about 

the local electrical properties of the SWCNT networks inside the composite.  

Finally, Chapter 7 provides a brief overview and outlook for the results obtained.       
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2.1 Introduction 
 
In order to achieve the goal of this thesis, a reproducible, highly homogeneous and 

conductive SWCNT/epoxy model composite is required in order to facilitate its 

characterization from the nanoscale to the macroscale and obtain reliable information 

about the inner CNT networks formed within the composite. Some studies report that 

a certain degree of inhomogeneity is required in order to increase the conductivity of 

the composite.[1-4] In fact, a perfect CNT dispersion would involve the presence of an 

insulating polymer layer surrounding all the tubes and consequently, an insulating 

final composite. These aspects make our task of preparing a highly homogeneous and 

conductive composite quite challenging.  

Carbon nanotube-based polymer composites are commonly used for industrial as 

well as for academic purposes. In both cases there are a few main processing guide 

lines followed throughout the preparation of most composites. The latter are typically 

prepared by adding the tubes directly into the polymer or by first dispersing them 

into water or organic solvents using surfactants and/or dispersing agents and then 

adding the CNT dispersion to the polymer (Figure 2.1). Dispersions of CNTs are 

typically obtained via sonication or shear mixing, after which the solvent (if present) 

is removed and the polymer dried or cross-linked. 

 

 
 

Figure 2.1│ Schematic of the most common processing steps used for preparing SWCNT-based 
composites. 

 

Direct melt processing,[5, 6] which involves the addition of the CNTs to the polymer 

via an extruder without the use of a solvent, is a more cost effective approach due to 

its simplicity. However, this direct approach generally produces inhomogeneous 
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composites with CNT aggregates sometimes several millimeters large, even when 

shear mixing is involved.[1] SWCNTs in particular have strong van der Waals 

attraction forces between them,[7] which makes them very difficult to separate and 

they tend to stay in bundles. This means that in order to obtain a homogeneous 

SWCNT-based composite, a dispersing step (shear mixing, ultrasonication) is 

required during the preparation process. 

The polymer matrix used in this thesis is based on Epikote 828 as the epoxy resin 

and Jeffamine D-230 as the hardener (Figure 2.2), a system well-known from 

previous studies for its excellent mechanical and adhesive properties,[8] but also as a 

polymer matrix for carbon-based composite materials.[9] These two components 

undergo a step-growth polymerization, where each epoxy group reacts with a 

primary/secondary amino hydrogen (NH) to form a hydroxyl group and a 

secondary/tertiary amine group.[10] Usually when the concentration of epoxy groups 

is equal to or lower than the concentration of NH groups, side reactions do not take 

place.[10] 

 

 
 

Figure 2.2│ Chemical structures of the epoxy resin and amine hardener used to form the 
composite polymer matrix. 

  

Most attempts for preparing a SWCNT-based composite following the standard 

approaches resulted in highly inhomogeneous (example in Figure 2.3) or non-

conductive materials that are not suitable as a reference model system. There are 

many reasons for these results, with each preparation path having its own limitations 

and processing difficulties. This chapter aims at explaining these reasons, the 

limitations and challenges that come with the typical preparation approaches used to 

obtain conductive polymer composites, and possible solutions to overcome them. 
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Figure 2.3│ Optical micrographs showing CNT agglomeration in a cross-linked composite 
prepared via shear mixing SWCNTs directly with an uncured epoxy/amine mixture. 

 
2.2 Dispersing SWCNTs 
 

2.2.1 Water dispersions 
 

The easiest way to prepare homogeneous SWCNT dispersions in water that are stable 

in time for a wide range of concentrations is with the aid of surfactants. While using 

an external source of energy, such as ultrasonication, in order to separate the tubes, 

surfactants prevent them from re-bundling and give stable suspensions of 

SWCNTs.[11-13] The largest disadvantage of this approach is the presence of the 

surfactants in the final composite, creating a layer around the tubes that prevents 

them from directly contacting each other, and implicitly, it prevents the possibility of 

direct electrical transport between the tubes.  

In order to facilitate charge transfer from one tube to another despite the 

surfactant layer around the tubes, some studies use conductive polymers as dispersing 

agents, such as polyaniline[14] and poly(3,4-ethylenedioxythiophene):poly(styrene 

sulfonate)[15]  (also known as PEDOT:PSS). The use of these conductive polymers as 

dispersing agents has been shown to lower the percolation threshold and increase the 

maximum conductivity of SWCNT-based composites.[15, 16] However, the maximum 

conductivity of these composites is limited by the conductive polymers, who can only 

achieve values as high as 103 S/m themselves,[15, 17] several orders of magnitude 

below pure CNT films with conductivities of 105-106 S/m.[18, 19] Moreover, the 

presence of a third polymer component (in addition to the epoxy resin and the amine 

hardener) also increases the complexity of the composite system and will likely 

complicate the characterization of the final material. 
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2.2.2 Organic solvent dispersions 
 

Organic solvents are also commonly used for SWCNT dispersions. However, most 

dispersions in solvents are only stable at very low SWCNT concentrations of 

maximum tens of µg/mL.[20, 21] Bergin et al.[22] showed that that in order to achieve 

higher dispersion limits, the solvent should have a surface tension as close as possible 

to the surface tension of graphite and a defined range of Hansen solubility 

parameters. The range for these parameters was stated to be 17 < D < 19 MPa1/2 for 

the dispersive parameter, 5 < P < 14 MPa1/2 for the polar parameter and 3 < H < 

11 MPa1/2 for the H-bonding parameter.[22] Even if they achieved using these criteria 

a dispersion limit of 3.5 mg/mL for cyclohexyl-pyrrolidinone, all of the other solvents 

investigated still showed a dispersion limit under 1 mg/mL. In general, SWCNTs have 

been shown to have the highest dispersibility in amide solvents[20, 22] due to their 

electron-donating character.[23] 

The choice of a solvent for the composite preparation process should also consider 

the polymer solubility in that specific solvent and the solvent’s boiling point. In an 

epoxy/amine polymer system, both components should be soluble in the chosen 

solvent and the latter should have a boiling point below the cross-linking temperature 

of the polymer mixture so that it can easily be removed from the system. These 

conditions significantly limit the options for a suitable solvent. In addition, because 

the dispersion limits are so low, SWCNTs easily re-agglomerate once the solvent is 

gradually being removed from the system due to the increasing CNT concentration.  

One possible solution to increase the dispersion limit and the stability of SWCNT 

dispersions in solvents is adding different polymers that act as dispersing agents. [24, 

25] The separation/stabilization mechanism for these dispersions is CNT polymer 

wrapping,[26-28] sometimes referred to as non-covalent functionalization.[24] Even if 

this approach can be very efficient in producing highly concentrated, stable SWCNT 

dispersions, the polymer wraps around the tubes reducing their ability to form direct 

tube-tube contacts, resulting once more in composites with very low conductivity.  

 

2.2.3 Ultrasonication effects 
 

Ultrasonication is the most commonly used method to disperse SWCNTs in water, 

solvents or even directly into a polymer. The technique uses sound waves to produce 

cavitation, the formation and collapse of thousands microscopic bubbles. This process 
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releases a great deal of energy that can break the van der Waals attraction between 

the SWCNTs and disperse them throughout the liquid. In fact, the energy released 

throughout this process is so high, that ultrasonication has been shown to effectively 

break the SWCNTs.[29] Huang et al.[30] showed that the theoretical energy required to 

separate long SWCNTs (aspect ratio of 1000) is much higher than the energy required 

to break them (Figure 2.3). The breaking effect is also more pronounced for longer 

sonication times. This is why most studies that require individually dispersed 

SWCNTs end up shortening the tubes down to several hundred nanometers due to 

the use of harsh ultrasonication conditions.[29] Aside from shortening them, 

ultrasonication can also damage the tube walls and create side defects,[31] further 

changing their electronic properties. 

 

  
 

Figure 2.4│ Energy diagram showing the theoretical capabilities and limitations of shear-
mixing and ultrasonication for CNT dispersions, for aspect ratios of 10 and 1000 (Adapted 
from Huang et al.[30]).  

 

The length, aspect ratio and structural integrity of the SWCNTs can play a 

significant role in the final composite conductivity. In general, large aspect ratios are 

desired because they require fewer junctions between the tubes to ensure electrical 

transport. Longer SWCNTs have been shown to result in lower percolation 

thresholds,[32] while SWCNT films containing tubes 1.5 µm long have been shown to 

have an electrical conductivity twice as high as tubes 350 nm long.[33] Wall defects 
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are also not desirable in SWCNTs because their electronic properties depend on the 

structural integrity of the walls. SWCNTs in particular are electronically sensitive to 

defects because they only have one wall/layer that contributes to the electrical 

transport through the tube (as opposed to MWCNTs) and defects hinder the local 

electron transport through the CNT wall (see Chapter 1, section 1.3).  

Even if ultrasonication is very useful or even required for producing homogeneous 

SWCNT dispersions, its use should not be excessive and the structural integrity of the 

SWCNTs should be monitored throughout the preparation process. 

 

2.3 SWCNT functionalization 
 

The quality of SWCNTs is usually assessed based on their length, aspect ratio, 

diameter range, purity and amount of defects. The latter can occur either at the end 

part of the tubes or on the tube walls, with the end caps having the highest reactivity, 

in the form of a sp2 lattice disruption (graphene edge for open ends or fullerene 

hemisphere caps).[34] The defects often contain hydroxyl, carboxyl or occasionally 

carbonyl groups due to oxidation that occurred during or after the CNT growth 

process. These functional groups often form the anchor point for more complex 

functional groups or attached side chains that have the purpose of increasing the 

tubes dispersibility in different organic solvents.[35] The major drawback of this 

approach is that it is heavily dependent on the existence of SWCNT defects which 

damage the electronic properties of the tubes. 

One compromise is to functionalize the SWCNTs in a controlled manner in order 

to minimize the tube damage while increasing their dispersibility. If the functional 

groups attached to the tubes can also form covalent bonds with the polymer matrix, 

the tubes would be prevented from re-agglomerating during the cross-linking of the 

polymer. This compromise is particularly attractive if the amine hardener used in the 

epoxy/amine polymer matrix is attached to the SWCNTs, ensuring the tubes’ 

dispersibility in one of the polymer components as well as their covalent stabilization 

in the final composite. When processed in this way, the final composite is likely to 

have a lower conductivity due to the SWCNT damage caused by functionalization, 

but a homogenous composition with individually dispersed tubes. 
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The amine hardener can be attached to the SWCNTs via a simple functionalization 

path based on oxidation, chlorination and amidation (Figure 2.5).[36] In an ideal 

scenario, the tubes would be functionalized at the end parts with only occasional side 

groups in order to minimize the electronic damage of the tube (example in figure 

2.5). In this regard, the oxidation step is the most important one because it 

determines the level of damage introduced to the SWCNTs and controls the amount 

of functional groups the SWCNTs will have in the end. 

 

 
 

Figure 2.5│ Schematic of oxidative functionalization path for attaching the Jeffamine D-230 
hardener to the SWCNTs. 

 

Preliminary tests showed that the oxidative conditions that resulted in the best 

dispersions also led to a SWCNT surface coverage by the amine hardener of over 67% 

(details in Appendix) and were, therefore, too harsh to ensure mainly end part 

functionalization of the tubes. An example of different types of SWCNT dispersions is 

shown in Figure 2.6. Composites prepared using the functionalized tubes that gave 

the best dispersion results were homogeneous with no re-agglomeration occurring 

during the curing process, but they were also insulating materials. This is likely due 

to the large surface coverage of the tubes, which does not allow for direct tube-tube 

contacts, as well as the high degree of structural damage caused to the tubes during 

the oxidative step. Using less harsh oxidative steps resulted either in unstable 
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dispersions or in SWCNT re-agglomeration during the cross-linking process of the 

polymer matrix.  

In addition to the dispersion challenges, adding SWCNTs to the uncured polymer 

mixture significantly increases the viscosity of the system even for very low amounts 

of tubes. This is a common problem and studies have shown that CNT/polymers 

mixtures show a transition from liquid-like behavior to solid-like behavior soon after 

reaching the percolation threshold.[37] Therefore, SWCNT/epoxy composites in 

general contain less than 10wt% carbon nanotubes.[38]  

 

 
 

Figure 2.6│ Images of non-functionalized SWCNT dispersed in a) a common organic solvent 
and b) the amine hardener (Jeffamine D-230) and c) functionalized SWCNTs dispersed in the 
amine hardener (CNT concentrations of ≈ 0.1 mg/mL). 
 

Our preliminary results showed that functionalizing the SWCNTs and covalently 

attaching them to the polymer matrix can lead to stable, homogeneous dispersions 

with no agglomeration in the final composite. Achieving this resulted in complete loss 

of composite conductivity, making the samples also unsuitable as a model system for 

future characterization. Even if optimizing the functionalization process could result 

in improved composite conductivities, the high viscosities of the mixtures only allow 

for little amounts of SWCNTs to be added into the polymer.  
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2.4 Alternative preparation approach 
 

Even if SWCNT-based polymer composites have been prepared numerous times, there 

are fundamental aspects in most typical preparation procedures that limit the 

potential of these materials. Based on previous studies and the preliminary results 

obtained for our model system, it is obvious that a completely different preparation 

approach is necessary in order to overcome these limitations. 

In 2004, Wang et al.[39] proposed a very simple, yet efficient approach towards 

preparing SWCNT-based epoxy composites. The SWCNTs were dispersed in water 

using surfactants and sonication, the suspension was filtered and washed to remove 

the surfactant and the SWCNT film formed on the filter paper was removed and dried 

resulting in a 10-50 µm thick CNT sheet. An epoxy/hardener mixture was allowed to 

infiltrate several stacked CNT sheets and was then crosslinked during hot-pressing. 

The resulting composite contained 39 wt% SWCNTs. Even if this method was used to 

obtain a composite material with enhanced mechanical properties, it is a very simple 

approach towards preparing a homogeneous polymer composite with a high content 

of well dispersed SWCNT.  

Eight years later, Li et al.[40] used a similar approach to prepare SWCNT-based 

polymer composites, with conductivity as the main purpose. These composites were 

prepared by dispersing the SWCNTs in water using carboxymethyl cellulose (CMC) 

as a dispersing agent and depositing the suspension on a glass substrate via Mayer 

rod coating. The film was then dried and the CMC removed via an acid treatment. 

The thin SWCNT film left on the glass substrate was impregnated with an excess 

amount of different polymers, and after drying/cross-linking the polymer the 

composite film was peeled off the substrate. The result is a free-standing composite 

film that is only conductive on one side (the bottom side, previously attached to the 

glass substrate) due to the excess amount of polymer added on the upper side of the 

film. This procedure is more tedious and complex than the first one, but allows the 

preparation of SWCNT composite films with a thickness in the nanometer range. 

The preparation approach used in these studies has one major advantage: 

preparing a homogeneous conductive SWCNT network with good physical and 

electrical contacts that can be characterized before adding the polymer matrix. This 

enables one to monitor the effect of the polymer matrix on the conductivity of the 
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existing SWCNT network and to acquire valuable information about the requirements 

for obtaining highly conductive polymer composites. Moreover, since the SWCNTs 

are initially dispersed in water using surfactants or CMC, short sonication times are 

sufficient to obtain stable and homogenous suspensions, limiting the tube-shortening 

effect and implicitly preserving their electronic properties.  

The advantages brought by this alternative preparation approach render it the 

most suitable option for our model system as well as emphasize its potential for future 

composite materials. 

 

2.5 Conclusions 
 

Despite the fact that CNT-based polymer composites have been prepared numerous 

times in the past 20 years, there are many limitations in the preparation procedures 

used that lead to inhomogeneous materials with low conductivities that rarely reach 

more than 1 S/m.[38] 

Composites are typically prepared by adding CNTs into a polymer, either directly 

or by first dispersing them into water or organic solvents using surfactants and/or 

dispersing agents. A major separation/stabilization mechanism for these dispersions 

is CNT polymer wrapping, which leads to the presence of insulating layers 

surrounding the tubes. This eventually leads to high resistance tunneling contacts 

between the tubes in the final composite.[41-43] CNT-based composites also show an 

increasing degree of agglomeration with increasing CNT content. Moreover, direct 

mixing of an epoxy resin with less than 1 wt% SWCNTs already results in extremely 

high viscosity, causing dispersion problems and making composite manufacturing 

difficult. These problems emphasize the physical limitations that are associated with 

a higher amount of filler particles in the composite. Therefore, as long as the goal is 

achieving highly conductive composite materials, there are fundamental limitations 

in the typical preparation approach, and composites prepared this way are not likely 

to ever reach their maximum potential. 

An alternative preparation approach, employing a preparation technique that 

results in a homogeneous, conductive SWCNT network with good electrical and 

physical contacts before impregnating it with a polymer matrix, could avoid many 

processing problems. Such an approach could also ensure a suitable model system 

that fits the goal of this thesis.   
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2.7 Appendix: surface coverage of functionalized SWCNTs 

 

In order to approximate the surface coverage of the functionalized SWCNTs that 

showed the best dispersion results, thermogravimetric analysis (TGA) measurements 

were taken. Results showed that 23% of material are covalently-bonded amines while 

33% of material is the remaining SWCNTs (Figure A2.1), with an amine:SWCNT 

weight ratio of 1:1.4. 

 

 
 

Figure A2.1│ TGA results obtained for SWCNTs functionalized with Jeffamine D-230. 
 

The molar mass of a Jeffamine D-230 molecule with two monomer units is 

M=190 g/mol. Using the CNT:amine ratio obtained from TGA results, an equivalent 

of 23 atoms of C (with M = 12 g/mol) can be obtained for one amine molecule. Using 

an average diameter of ≈ 1 nm based on Raman measurements (see Chapter 5, Figure 

5.3) a number of 25 atoms of C could be calculated for a zig-zag ring of a SWCNT, 

with a distance between two consecutive rings of 2.1 Å. This means that each zig-zag 

ring of C atoms contains roughly one amine molecule attached. 

In order to calculate the surface coverage of the SWCNTs, the amine molecules 

were considered to fit into a cylinder (Figure A2.2a). This approximation is obviously 

rough, but it is not completely unreasonable due to the steric effects of the amine 

molecules. The amine molecules were assumed to be arranged perpendicularly or 

parallel to the SWCNT (Figure A.2.2b) in order to obtain a range of values for the 
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possible surface coverage. Using the circle area for perpendicular arrangement and 

the cross-section rectangle area for parallel arrangement (blue shapes in Figure 

A.2.2a), a value of 45 Å2 and 61 Å2, respectively, was obtained as “contact” area 

occupied by the amine. The cylinder area corresponding to one zig-zag ring in a 

SWCNT is 67 Å2. This means that the amines cover approximately 67% and 91% of 

the SWCNT surface for perpendicular and parallel arrangement, respectively.  

 

 
 

Figure A2.2│ Schematic of a) cylinder encompassing an amine molecule and b) perpendicular 
and parallel arrangement of amine molecule on a SWCNT. 

 

The oxidizing step takes place preferentially at the end part of the tubes and at 

the sites of existing wall defects, with the end caps being expected to allow the 

formation of more functional groups than individual wall defects. Considering that 

the typical aspect ratio of SWCNTs is around 1000, the surface coverage values 

obtained are very high and, therefore, the functional groups formed at the end parts 

cannot play a significant role in our surface coverage calculations, despite possible 

errors resulting from the approximations made. This means that the functionalizing 

process that resulted in the best SWCNT dispersions, also introduced too many 

defects/functional groups in the side wall of the tubes, heavily damaging the electrical 

properties of the tubes as well as leaving little room for direct tube-tube contacts. 
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3.1 Introduction 
 

Electrically conductive composites are typically prepared by dispersing SWCNTs, 

directly or with the aid of solvents, into a polymer.[1, 2] This approach has led to the 

preparation of inhomogeneous composites with poorly dispersed SWCNTs and low 

conductivity values (rarely reaching a few hundred S/m)[3-6], even though percolation 

thresholds as low as 0.001 wt% have been achieved.[1, 2, 7, 8] On the one hand, in order 

to obtain a good and stable dispersion of SWCNTs in a polymer, good compatibility 

between the two components is necessary. On the other hand, surrounding the 

conductive particles with an insulating polymer layer leads to individually insulated 

SWCNTs, dispersed throughout the polymer matrix. Such composites would either be 

insulators or have very low conductivities. This means that the contacts between the 

conductive particles inside a polymer matrix play a crucial role in the electrical 

properties of composite materials. Having a uniform SWCNT network with good 

physical and electrical contacts within a polymer matrix is a requirement for 

achieving good conductivities in composite materials.  

Recently, Li et al.[9] successfully used a different approach to obtain 

SWCNT/polymer composite thin films with sheet resistance (RS) values in the range 

of 100-1000 Ω/sq. This technique involves two main steps: 1. preparing a uniform 

SWCNT thin film on a glass substrate; 2. impregnating the SWCNT film with a specific 

polymer (via coating) followed by drying/curing the polymer and peeling the film off 

the glass substrate. A free-standing composite film is obtained this way. This approach 

brings the advantage of first obtaining a SWCNT network with good physical and 

electrical properties and then filling the gaps with the desired polymer. This method 

ensures good physical and electrical contacts between the SWCNTs and allows a 

proper characterization of the network’s properties before actually adding the 

polymer matrix. However, the influence of the newly formed interfaces on the 

macroscale electrical properties of the polymer impregnated SWCNT network has not 

been studied in detail. We have adapted and improved the technique and designed a 

method for directly measuring and characterizing the influence of the polymer matrix 

and its individual components on the SWCNT network. The purpose of this chapter 

is to analyze how the polymeric network affects the electrical behavior of the already 

existing SWCNT network at the macroscale. 
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3.2 Materials and methods 
 

3.2.1 SWCNT films preparation 
 

All chemicals were used as received, without any further purification. Super High 

Purity SWCNTs manufactured by chemical vapor deposition (CVD) method were 

purchased from US Research Nanomaterials, Inc. Dispersions containing 0.1wt% of 

SWCNTs were prepared by adding 10 mg SWCNTs as purchased and 300 mg of 

sodium carboxymethyl cellulose (CMC) M = 90 000 g/mol, C28H30Na8O27, from 

Sigma Aldrich to 10 mL of demineralized water. The dispersions were kept cool in an 

ice bath while sonicated for 15 minutes using a Vibra-Cell VCX 130 sonicator (Sonics, 

USA) with a 6.4 mm tip diameter and 60% vibration amplitude (as described by Li et 

al.).[9] The dispersions were then centrifuged at 8500 rpm for 1 hour in a 1.5 cm 

diameter vessel, using a SIGMA 3-30K centrifuge and only the upper 80% of the 

supernatant was kept. 

The glass substrates were cleaned by immersion into a RCA cleaning solution 

(H2O:NH4OH 30%:H2O2 30%, 5:1:1) without heating, overnight and then rinsed with 

demineralized water. Thin SWCNTs+CMC films were deposited on 7 cm × 7 cm glass 

substrates with a 30 μm gap doctor blade at a speed of 10 mm/sec, using a 

COATMASTER 509 MC (Erichsen, Germany). The films were then dried for 20 h in 

an oven at 45 ˚C. The as-prepared samples were immersed into an acid bath (HNO3, 

9 M) for 4 hours at 40 ˚C, thereafter taken out and dried at 45 ˚C for 2 hours under 

vacuum. The samples were subsequently kept for 20 h at 150 ˚C under vacuum for 

acid residue removal and for two hours at 400 ˚C in a nitrogen atmosphere for CMC 

residue removal. Thermogravimetric analysis (TGA) on pure CMC was done using a 

TGA Q500 (TA Instruments, USA) equipment, with a heating rate of 10 ̊ C per minute 

between 25-600 ˚C both in air and nitrogen atmosphere (Figure A3.1, Appendix). 

 

3.2.2 SWCNT films characterization 
 

Sheet resistance measurements were performed using standard four-point probe 

measurements with 5 mm distance between the probes. An electrometer model 

6517A and source-meter model 237 (Keithley Instruments, USA) were used to apply 

current and measure the resulting voltage drop. The results were converted to sheet 

resistance using correction factors for rectangular thin films from Smits et al.[10] 

Scanning electron microscopy (SEM) images were taken with a Quanta 3D FEG 
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microscope (FEI Company, USA) and scanning transmission electron microscopy 

(STEM) images were acquired using a Titan electron microscope operated at 300 kV 

and High Angular Annual Dark Field (HAADF) detector (FEI Company, USA). Atomic 

force microscopy (AFM) was done using a SOLVER NEXT (NT-MDT, Russia) in 

tapping mode and a Veeco 150 Dektak profilometer (Bruker, USA) was used for 

thickness measurements. Raman spectra were taken with a Labram confocal 

spectrometer (Horiba, Japan) with excitation wavelength of 633 nm. Transmittance 

measurements were done using a UV-3102 PC spectrophotometer (Shimadzu, Japan) 

in the range of 350-700 nm. 

 

3.2.3 Polymer impregnation 
 

An epoxy/amine system was used as polymer matrix. Bisphenol A based epoxy resin 

(Epikote 828, Resolution Nederland BV) with an equivalent molar mass (eqm) per 

epoxide group of 187 g/mol and Jeffamine D-230 (Huntsman Holland BV) with NH-

eqm of 60 g/mol were chosen as model system (chemical structures in Chapter 2). 

The polymer was prepared by mixing the two components at a 1:1 epoxy/amine ratio 

(based on epoxy group/NH eqm), using a RCT basic IKA magnetic stirrer for 5 

minutes at 700 rpm for 5 minutes followed by 3 minutes degassing in an ultrasonic 

cleaner model 1510 (Branson, USA). This uncured mixture of components, from now 

on referred to as pre-polymer mixture, was then coated on the SWCNT film using a 

60 μm gap doctor blade and cured in an oven at 100 ˚C for 4 hours. Contact angle 

measurements on the SWCNT films were done at room temperature using an OCA 30 

System (Data Physics, USA). 

 

3.2.4 In-situ resistance measurements 
 

The previously prepared 7 cm × 7 cm SWCNT films on glass substrates were cut to 

samples of 2 cm × 3.5 cm. A K550 sputter coater (Emitech, USA) at 20 mA current 

was used to deposit two 1 cm wide gold electrodes on each sample, leaving a 1.5 cm 

uncovered stripe across the width of the samples (example in Figure 3.6). A VC840 

multimeter (Voltcraft®) was connected to the gold electrodes and a computer to 

enable performing in-situ resistance measurements on each sample. The pre-polymer 

was manually applied on the uncovered area of the SWCNTs film while the resistance 

was being measured. 
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3.3 Results and discussion 
 

3.3.1 SWCNT films preparation and characterization 
 

In the first part of the research, SWCNT films were prepared using a technique 

adapted from Li et al.[9], from a water solution of SWCNTs dispersed with CMC. The 

water was then removed by drying in an oven while CMC was removed by nitric acid 

treatment followed by several temperature treatments (45 ˚C, 150 ˚C and 400 ˚C) 

for subsequent removal of acid and CMC residue. The prepared films (see section 

2.2.1) were characterized by SEM and TEM after each step of the process to ensure 

full removal of the CMC residue and the nanometer and micrometer scale 

homogeneity of the SWCNT films. The majority of CMC from these films was removed 

after the acid treatment. However, islands of CMC residue and also structures similar 

to polymer wrapping of SWCNTs [11-13] were visible under SEM and TEM 

measurements, respectively (Figure 3.1b, c, e). Because TGA results showed that CMC 

degrades between 250-300 ˚C (Figure A3.1, Appendix), the samples were also 

subjected to a 400 ˚C final thermal treatment, during which the remaining CMC 

residue was fully removed (Figure 3.1d, f). 

The samples were also subjected to four-point probe measurements after each of 

the thermal treatment steps to monitor the evolution of the films’ sheet resistance. 

After drying at 45 ˚C and 150 ˚C all of the films had a sheet resistance (RS) of RS = 

200-250 Ω/sq and 300-500 Ω/sq, respectively, suggesting that the water and nitric 

acid were gradually removed from the films. The final 400 ˚C treatment of the films 

led to a sheet resistance of RS = 1000-1500 Ω/sq. This last step has the double purpose 

of removing the remaining CMC residue from the network but also of removing the 

p-type doping effect[14] of the remaining nitric acid adsorbed into the SWCNT 

network. 

Raman spectra taken on the pristine SWCNTs and the films after the final thermal 

treatment show an increase in the intensity of the D-band (Figure 3.2), generally 

associated with the amount of defects in SWCNTs when compared to the intensity of 

the G-band.[15-17] The IG/ID ratio drops from 27 for the pristine material to 16 for the 

treated SWCNTs, showing that some damage did occur to the SWCNTs during the 

preparation procedures. This could be due to shortening of tubes during ultra-

sonication, or the introduction of some defects during the nitric acid treatment. 

However, considering that as-produced SWCNTs from different manufacturers 
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typically have IG/ID ratios above 10,[18, 19] the quality of our CNTs remains reasonably 

good despite the treatments they were subjected to.  

 

 
 

Figure 3.1│ TEM images of a) SWCNTs as-purchased, b) SWCNTs+CMC film, and TEM and 
SEM images of the same SWCNT film after nitric acid treatment c) and e), respectively and 
after the final 400 ˚C thermal treatment d) and f), respectively. 
 

 
 

Figure 3.2│ Raman spectra of the SWCNTs as purchased and after film preparation. 
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The thickness of the films was determined by scratching the films and measuring 

the height profile across the scratch with a profilometer. The initial SWCNTs+CMC 

films had thicknesses of approximately 500 nm, but after removing the CMC they 

were reduced to a thickness of t = 20-40 nm (Figure 3.3a, b). AFM measurements 

were consistent with the profilometer measurements and showed a root mean square 

roughness of approximately 10 nm (Figure 3.3c, d, e). AFM, SEM and profilometer 

measurements all revealed a uniformly dispersed SWCNT network with several large 

ropes of entangled SWCNTs at the surface. These ropes as high as 100 nm are formed 

at the surface of the films, most likely during the acid treatment where the tubes at 

the surface have the freedom to rearrange themselves into a more stable 

configuration. Based on the film thickness of t = 20-40 nm and the sheet resistance 

of RS = 500-1500 Ω/sq we can calculate that the SWCNT films prepared have a final 

conductivity of =3.3-5×104 S/m, based on =ρ1 and ρ=RS×t, where  

represents conductivity and ρ the resistivity. 

 

 
 

Figure 3.3│ Profilometer height profile across a scratch in a) SWCNTs+CMC film and b) final 
SWCNT film. c) AFM topography image of SWCNT film and d), e) cross-section roughness 
profiles.  

 
3.3.2 Polymer impregnation 

 

The second part of this chapter focuses on impregnating the existing SWCNT 

networks with a polymer. Li et al.[9] used the SWCNT films to deposit a layer of 

polymer on top of it and after drying or curing it, to peel-off the composite film from 
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the glass substrate. Assuming that the polymer fully penetrated the SWCNT network, 

the free standing film obtained contained a SWCNT network embedded on one side 

of the polymer film. For most of the polymers they tested, the free-standing composite 

films had an up to 10 times higher sheet resistance (measured at the bottom of the 

peeled-off films) than the initial SWCNT films.  

An epoxy/amine system (Epikote 828 and Jeffamine D-230)[20] was chosen as our 

polymer matrix. Droplets of epoxy/amine pre-polymer mixture and the individual 

components were added on the SWCNT film to determine whether the polymer has 

sufficient compatibility with the SWCNTs to fully impregnate the film. Contact angle 

measurements showed that even if the epoxy resin had a contact angle of 97.4˚, the 

pre-polymer mixture (75.7 wt% epoxy resin) had a contact angle of 30.2˚ which is 

much closer to the value given by the amine alone of 14.7˚ (Figure 3.4). The fact that 

the contact angle of the pre-polymer mixture dropped from 30.2˚ to 13.3˚ within the 

first 2 minutes, indicated that the polymer already started to infiltrate into the 

SWCNT network at room temperature. A free standing composite film was prepared 

by coating a SWCNT film with a 60 μm thick film of pre-polymer mixture. After curing 

the polymer at 100 ˚C for 4 hours, the film was peeled off the glass substrate and a 

free standing composite film was obtained. The upper side of this film is insulating 

due to the excess polymer that was added on top and only the bottom side is 

conductive, where the SWCNT film is embedded in the polymer. 

 

 
 

Figure 3.4│ Contact angle measurements of an epoxy/amine pre-polymer mixture and the 
individual components on a SWCNT film. 
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SEM images taken at the bottom side of the peeled-off film show areas where the 

polymer has fully covered the SWCNTs (dark areas in Figure 3.5) and areas where 

SWCNTs are still sticking out of the polymer matrix (bright areas in Figure 3.5). This 

apparent inhomogeneity is only a surface one, due to the polymer randomly creeping 

in between the SWCNT film and the glass substrate during the polymer impregnation 

process, and it does not reflect the bulk homogeneity of the composite. This aspect is 

confirmed and discussed in detail in Chapter 4. 

 

  
 

Figure 3.5│ SEM images taken at the bottom of a peeled off SWCNT/polymer composite film 
a), b), c), d) with Au coating for emphasized contrast and e), f) without Au coating for 
emphasized aspect ratio. 

 
The sheet resistance measured at the bottom side of the peeled off composite film 

is RS = 4200-4800 Ω/sq, which is roughly 5 times higher than the initial SWCNT films. 

This is consistent with the results obtained by Li et al.[9] (up to 10 times higher for 

different polymers). However, this range of values is rather wide considering that all 

measurements were done on the same sample. This variation is likely due to the 

surface inhomogeneity seen at the bottom side of the peeled off composite film 

(Figure 3.5). Assuming that the thickness of the initial SWCNT film remained the 

same (average value of ≈ 30 nm) throughout the polymer impregnation process, the 
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resistance values measured at the bottom side of the peeled off film would correspond 

to conductivities in the range of  = 7-8×103 S/m. These values are approximately 

4-6 times lower than those obtained for the initial SWCNT films.  

Previous experiences with CNTs-polymer composites[21-23] prepared via the typical 

mixing/dispersing approach (Chapter 2, section 2.2) showed that no matter what the 

polymer is, CNTs-based composites are far from reaching their maximum potential 

(that of the CNTs alone) once they are inside a polymer matrix. While this may be 

explained by the different natures of the interfaces and interphases formed when 

mixing two different components, the peeled-off composite film we prepared already 

shows a conductivity in the same order of magnitude as the initial SWCNT films. 

However, due to the surface inhomogeneity seen at the bottom side of the composite 

film, we obtained a wide range of resistance values for the same sample. This means 

that the measured resistance may not be representative for the full SWCNT network 

embedded into the polymer.  

 
3.3.3 In-situ resistance measurements during polymer impregnation 

 

In order to have direct access to the SWCNTs after embedding them into a polymer 

matrix and be able to measure the resistance of the network during polymer 

impregnation and even during the curing process, we developed a system that 

allowed us to perform in-situ resistance measurements. For this purpose, two gold 

electrodes were applied via sputtering on two opposite edges of the SWCNT film. 

These electrodes were connected to a multimeter to allow direct measurement of the 

resistance of the film while the polymer was subsequently added (Figure 3.6a). 

Because the electrodes were in direct contact with the SWCNT network before 

polymer impregnation and the entire film area between them was fully covered by 

the polymer, the resistance measured between the two electrodes was the resistance 

of the SWCNT network before, during and after polymer impregnation. The same 

system can be used to analyze the influence of the individual components of the 

epoxy/amine pre-polymer mixture on the SWCNT network by applying only one 

component at a time and comparing the results with the overall effect of the pre-

polymer mixture. 

SWCNTs are known to be highly sensitive to different gas exposures[24, 25] which 

can cause significant changes in their electronic and transport properties due to 
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chemical doping.[26] The adsorption of different molecules on the surface of the 

nanotubes can modulate the carrier concentrations by generating a surplus or a 

deficiency of valence electrons and implicitly modifying the CNTs’ electrical behavior. 

The dopant component acts as electron donor (n-type doping) or electron acceptor 

(p-type doping). Studies have shown that a SWCNT film held under vacuum at room 

temperature can have a 15% decrease in resistance upon air exposure,[27] while 

exposing unpurified SWCNTs to humid air after heating them up to 350 ˚C can lead 

to up to 4 times decrease in resistance.[28] Other researchers support the hypothesis 

that the adsorption of gas molecules changes the value of the Schottky barrier build-

up between the SWCNTs and the metal electrode.[29] They support the idea that the 

gas molecules in the junction region can change the metal work function and the 

Fermi level alignment. Therefore resistance fluctuations upon heating or air exposure 

can also be due to changes in the Schottky barrier of the metal-nanotube junctions 

and not necessarily to doping/dedoping of the SWCNTs. 

 

  

 

Figure 3.6│ a) Schematic of in-situ resistance measurements setup and example of final/initial 
resistance ratio curve obtained during b) a blank measurement, c) a pre-polymer mixture 
impregnation and d) an impregnation with the epoxy resin only. 
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In order to avoid resistance fluctuations due to gas and water adsorption from air, 

after the final 400 ˚C thermal treatment all SWCNT films were exposed to air 

overnight to reach saturation and a constant resistance value. Blank in-situ resistance 

measurements, without the addition Epikote 828 and/or Jeffamine D-230, were done 

on a series of samples in an oven at 100 ˚C for 4 hours, the conditions needed for 

curing the pre-polymer mixture.  

The results showed an average resistance increase of 3.1 times before cooling 

(example in Figure 3.6b), most likely due to desorption of water and gasses from the 

films upon heating. This value rapidly decreases as soon as the samples are taken out 

of the oven for cooling due to readsorption of gasses and water at room temperature. 

The same type of measurements were done while adding only one component of 

the pre-polymer mixture to separate possible individual effects on the SWCNT 

network resistance. Measurements done after impregnating the film with Epikote 828 

alone for 4 hours at 100 ˚C show an average resistance increase of 3.6 times before 

cooling (example in Figure 3.6d), slightly higher than the blank samples. Because 

Jeffamine D-230 is a volatile amine, measurements for the amine component alone 

were done at room temperature, showing an average resistance increase of 4.9 times. 

If we take into consideration the ratios of the blank samples, we can estimate a 

resistance increase of up to 15 times after amine impregnation upon heating at 100 

˚C for 4 hours. Amines have been shown to have a n-type doping effect on SWCNTs[30, 

31] and are expected to influence the resistance of the SWCNT network to a certain 

degree, especially if the carbon nanotubes are p-type doped by the oxygen in the 

air[27, 32] or other gas molecules.  

When mixing the two components together and impregnating the SWCNT film, 

the final/initial resistance ratio after curing the polymer for 4 hours at 100 ˚C is 4.3 

before cooling (example in Figure 3.6c). Considering that in order to obtain a 1:1 

epoxy/amine ratio (based on epoxy group/NH equivalent) the amine represents only 

24.3 wt% of the epoxy/amine pre-mixture, the resistance increase may be due not 

only to a cumulated effect of the two components, but also to the formation of a 

polymeric network during the curing process. 

All of the samples coated with a polymer (epoxy resin alone or epoxy/amine 

mixture) and heated at 100 ˚C had a resistance increase of 1.15 times after cooling, 

due to the semiconductor behavior of the SWCNTs. When the SWCNTs are covered 
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with polymer, they can no longer adsorb water and gasses when cooled in air and, 

therefore, maintain their semiconductor behavior leading to an increase in resistance 

upon cooling. 

A summary of all in-situ resistance measurements is shown in Table 3.1. By 

subtracting the blank measurements from the results obtained for the cross-linked 

epoxy/amine mixture, a value of ≈ 40% (≈ 1.4 times) resistance increase can be 

calculated as the influence of the polymer mixture alone. 

 

Table 3.1│Summary of final/initial resistance ratios after polymer impregnation 

measurements (average values mean based on 4-5 measurements/sample). 
 

 Amine Blank Epoxy 
resin 

Epoxy/amine 
mixture 

no heating with heating at 100 ˚C 
Before cooling - 3.1±0.28 3.6±0.3 4.3±0.55 
After cooling 4.9±0.62 3.6*±0.32

*estimated value 
4.1±0.35 5±0.63 

 

Each SWCNT film prepared is unique and can have a slightly different thickness 

compared to others, so the question of whether or not the results of different 

experiments can be compared is important. In order to ensure reproducibility of our 

experiments, we prepared SWCNT films with thicknesses varying from 10 to 140 nm. 

Thickness measurements involve damaging the samples to measure height profiles 

across scratches in the film, therefore SWCNT films were prepared on large glass 

substrates which were subsequently cut to 2 cm × 3.5 cm samples. Half of these were 

used for correlating the thickness with resistance and transmittance measurements 

while the other half was used for polymer impregnation. The absorbance as a function 

of thickness curve shows a pseudo-linear dependency within the 10-140 nm thickness 

range (Figure 3.7a). This curve along with the resistance vs. thickness (Figure 3.7b) 

curve can be used to approximate the thickness of the SWCNT films used for polymer 

impregnation. 

In-situ resistance measurements done on different thickness films after 

impregnating with epoxy/amine mixture and curing the polymer for 4 hours at 

100˚C, show that there is no major difference in the final/initial resistance ratio 

between 10 nm films and 140 nm films (Figure 3.7c); the average final/initial 
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resistance ratios (after cooling) increase from 5 to 6 within this thickness range. This 

means that experiments performed on SWCNT films of 20-40 nm thickness are 

comparable despite minor thickness variations. These results are similar to those of 

Noh et al.,[33] who impregnated 12 μm thick multi-walled carbon nanotube (MWCNT) 

mats with cyclic butylene terephthalate (CBT), and polymerized the oligomers by 

compressing with a heating press. The resistance of the MWCNT mats increased 2 to 

9 times (depending on compression pressure) after polymer addition. 

 

 
 

Figure 3.7│ a) Absorbance, b) resistance and c) polymer impregnation effect depending on 
SWCNT film thickness. 

 
3.4 Conclusions 

 

In this chapter we have adapted and improved a preparation technique for SWCNT 

thin films which represent our reference networks with good electrical properties. 

These films were used to study the polymer matrix effect on an already existing 

SWCNT network during polymer impregnation. We developed an in-situ resistance 

measurement technique that allowed us to have direct access to the conductive 
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network before and during polymer impregnation but also during the curing process 

of the polymer matrix. These measurements showed that polymer impregnation is 

not the only factor that can influence the carbon nanotubes behavior; they show that 

different components of a pre-polymer mixture can have different effects on the 

electrical properties of a SWCNT network aside from the formation of a polymeric 

network during the curing process. Blank measurements showed that air and 

temperature exposure can also affect the electrical behavior of the carbon nanotubes, 

even without the addition of a polymer component. These results prove that in order 

to prepare an efficient composite material, it is important first to understand the 

effects that any factor introduced in the preparation process can have on each of the 

components. Moreover, the polymer embedded films showed a conductivity within 

the same order of magnitude as the initial SWCNT films. These results, while already 

very positive, emphasize even more the necessity of understanding how the polymer 

impregnation process and the newly formed interfaces affect the electrical contacts 

between the carbon nanotubes. 
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3.6 Appendix: thermal treatment for CMC residue removal 
 

The suitable temperature to remove sodium carboxymethyl cellulose (CMC) residue 

from the SWCNT films, after the nitric acid treatment, was determined using TGA 

measurements in nitrogen and air (Figure A3.1). Profilometer measurements and 

SEM images were also used to verify the effectiveness of the thermal treatment 

(Figure A3.2). 

 

 
 

Figure A3.1│ TGA results obtained for as-purchased CMC in nitrogen and air atmosphere. 
 

 
 

Figure A3.2│ Height profiles a SWCNT film across a distance of 2 mm a) before and b) after a 
400 ˚C treatment and c) SEM image of a SWCNT film before a 400 ˚C treatment (SEM image 
taken after thermal treatment can be seen in the main text, Figure 3.1f). 
 



 4 
 

Verifying composite homogeneity and 
structural integrity by  

Tip-enhanced Raman Mapping 
 
 
 
 
 
 
 
 
  

 
 
 
_________________________________________________________________________________

The results described in this chapter are based on: 
Hoffmann, G. G.; Barsan, O. A.; van der Ven, L. G. J.; de With, G., Journal of Raman Spectroscopy 

(submitted). 
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4.1 Introduction 
 

Raman spectroscopy is a technique that provides information about molecular 

vibrations and can be used for identification and quantification of different molecules. 

It involves shining a laser (monochromatic light) on a sample, detecting the inelastic 

scattering of the light and plotting its intensity as a function of frequency into a 

Raman spectrum. The technique is non-destructive, requires little sample preparation 

and provides reliable information about specific molecular properties. Raman 

spectroscopy is a very powerful tool for characterizing SWCNTs due to strong 

characteristic signals related to their graphitic sp2 walls (G-bands) and the disorder-

induced band (D-band) specific for graphene edges.[1] Physical properties such as 

tube diameter can be determined based on the radial breathing mode (RBM) area, 

which is unique to carbon nanotubes, while structural integrity can be determined 

using the ID/IG ratio.[1] In fact, Raman measurements are so sensitive that they can 

even be used to determine the chirality and electronic properties of individual 

SWCNTs.[2] 

The versatility of this technique also made it popular for characterizing CNT-based 

polymer composites to determine the interaction between a polymer and the tubes[3] 

or to monitor the internal stresses arising from the curing process[4] and the strain-

induced frequency shift[5] in epoxy composites. Raman measurements can also be 

done to identify the degree of SWCNT functionalization inside a polymer 

composite.[6] Spatial mapping of the chemical composition of the sample can also be 

done by confocal Raman mapping. Despite all these advantages and potential 

applications, the spatial resolution of conventional Raman instruments is 

approximately half the wavelength of the light used to illuminate the sample.[7]  

Bringing a metal tip within a few nanometers of a molecular film was found to 

give strong enhancement of Raman scattered light from the sample, providing a 

spatial resolution only limited by the tip apex size and shape.[8] This technique is 

called tip-enhanced Raman spectroscopy (TERS). When scanning the tip over the 

sample surface, tip-enhanced Raman mapping (TERM), topographic information is 

obtained simultaneously and can be directly correlated with the spectroscopic data. 

This relatively young technique, developed during the last 15 years, combines the 

advantages of AFM with those of Raman spectroscopy and allows for topological 
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analysis and identification of the sample’s components. It has been applied to carbon 

nanotubes,[9] graphene,[10] photovoltaics,[11] catalysis,[12] semiconductors,[13] 

polymers,[14] and biological compounds such as membranes,[15] nucleic acids,[16] 

peptides,[17] proteins,[18] and even whole viruses.[19] It has also been used to detect 

defects in nanotubes, to localize the edges of graphene sheets, and to measure strain 

in semiconductors.[20] Compared to confocal Raman mapping, the spatial resolution 

of TERM is much higher and the sensitivity is highly increased: while the lateral 

resolution increases from 300 nm to 20 nm, the sampled area is reduced from 70 000 

nm2 to 300 nm2, and the Raman signal is amplified up to 250 times. That corresponds, 

taken the area into account, to an increase in sensitivity of up to 40 000 times.  

In the previous chapter, we obtained a free-standing SWCNT-based composite film 

by peeling-it off a glass substrate. SEM images taken at the bottom of this film showed 

regions with SWCNTs sticking out of the composite and regions of pure polymer 

(Chapter 3, Figure 3.5). We assumed that this is an apparent inhomogeneity (with 

the polymer only covering the tubes in certain areas) and not a phase separation 

between the tubes and the polymer matrix. Moreover, the resistance measurements 

taken at the bottom of the film showed a wide range of values obtained for the same 

sample, due to this apparent composite inhomogeneity. This chapter aims at using 

TERM to identify and map the distribution of the SWCNTs present in polymer covered 

areas. In addition to verifying the composite homogeneity, we analyzed the effect 

that subjecting the composite film to mechanical stress during the peeling off process 

can have on the structural integrity of carbon nanotubes within the polymer matrix. 

 

4.2 Materials and methods 
 

4.2.1 Sample preparation 
 

A SWCNT thin film with the final thickness of 20-40 nm was prepared on a glass 

substrate as described in Chapter 3, section 3.2.1, from 0.1% SWCNT dispersions with 

a SWCNT/CMC ratio of 1/30. The film was then subjected to impregnation with an 

epoxy/amine pre-polymer mixture as described in Chapter 3, section 3.2.3, by fully 

covering the thin film with an excess amount of pre-polymer. The polymer was 

subsequently crosslinked at 100 °C for 4 hours. The as-prepared composite sample, 

with the upper side containing an insulating thick layer of excess polymer, was then 
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peeled off the glass substrate. SEM, TERS and TERM measurements were done at the 

bottom side of the film. 

 
4.2.2 Tip preparation 
 

Tips were prepared via etching using an acid solution prepared by mixing absolute 

ethanol p. a. (Merck) and 37% HCl p. a. (Merck) at a volume ratio of 1:1. A 99.999% 

gold wire (Alfa) of 200 μm diameter was flame annealed before etching. 

Electrochemical etching with an applied voltage of 2.4 V (as described in the 

literature)[21, 22] was used to prepare the tips. Cone-shaped gold tips, with a typical 

radius of ≈	30 nm, were obtained. 

 

4.2.3 Measurements 
 

SEM images were taken with a Quanta 3D FEG microscope (FEI Company, USA) at 

the bottom of a peeled-off film, using an accelerating voltage of 10 kV. Samples were 

sputtered with gold for enhanced contrast. 

Optical microscopy, TERS, and TERM measurements were carried out on the 

bottom of the peeled-off film without gold coating using an NTEGRA SPECTRA 

(“Nanofinder”, NT-MDT, Russia). A scanning shear force head (SNLG101NTF, NT-

MDT, Russia) was placed above an inverted optical microscope (Olympus IX70). A 

self-etched gold tip, a 100× oil immersion objective (Olympus, NA = 1.3, refractive 

index of oil n = 1.516), a pinhole of 60 μm, and a continuous wave linearly polarized 

HeNe laser (633 nm) were used for all measurements. To ensure nondestructive 

measurements, a low laser power (<100 μW, on the sample) was used. A typical 

lateral/depth resolution of about 20-30 nm is expected from these measurements.[23] 

 
4.3 Results and discussion 

 

A SWCNT film with the thickness of 20-40 nm and a transmittance of ≈ 90% was 

impregnated with an epoxy/amine polymer to form a freestanding film, as described 

in Chapter 3. The SWCNTs have an average diameter of 1 nm, as calculated from the 

radial breathing mode (RBM) lines in the Raman spectrum (aspect discussed in detail 

in Chapter 5, section 5.3.1.2). These tubes tend to form ropes of aligned tubes with 

larger diameter that the individual SWCNTs, as seen in the previous chapter.  
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By examining the bottom of the peeled off composite film with a scanning electron 

microscope (SEM), regions where the SWCNT films are fully covered in polymer 

(darker areas in Figure 4.1a) can easily be distinguished from non-covered regions, 

where SWCNTs are still sticking out of the polymer matrix (brighter areas in Figure 

4.1a). In these non-covered regions SWCNTs that have been broken in different 

places can be seen (Figure 4.1b). This suggests that when the composite film was 

peeled off from the glass substrate, excessive strain was implied to the tubes causing 

them to break. Some SWCNTs, that are covered in a thin layer of polymer but are 

close to the surface, can still be seen in SEM images in locations where the tubes dive 

into the polymer layer (Figure 4.2b). However, the contrast is very low and the tubes 

can only be seen for limited areas. Therefore, the presence and structural integrity of 

the SWCNTs that are fully covered by polymer cannot be “visually” verified.  

 

 
  

Figure 4.1│ SEM images taken at the bottom of the peeled off composite film emphasizing a) 
different regions where SWCNTs are/are not fully covered with the polymer and b) ends of 
broken carbon nanotubes (yellow circles) outside of the polymer film. The sample is sputtered 
with gold for enhanced contrast. 
 

Even if tip-enhanced Raman spectroscopy is in principle a surface method, 

SWCNTs can also be measured through a thin layer of polymer. This is due to the 

very intense resonance Raman signals of the tubes and the enhancement effect of the 

gold tip, reaching a few nm into the transparent polymer. This means that TERM can 

be used to obtain further information about the composite homogeneity as well as 

SWCNT distribution and structural integrity beneath a thin polymer layer. 
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The typical setup of a TERS experiment on a transparent sample can be seen in 

Figure 4.2. The freestanding composite film is placed on the sample stage of an 

inverted optical microscope. The stage can be finely moved by piezoelectric actuators 

in x- and y-direction, covering an area of 50 µm × 50 µm. The sample stage’s drift 

during the long measurement times is compensated by applying capacitive feedback 

to the piezoelectric actuators. The shear-force head of an AFM is placed over the 

sample stage, equipped with a quartz tuning fork. A self-etched gold tip glued to the 

tuning fork with a tip radius of approximately 20 to 30 nm is held at a constant 

distance to the samples surface by applying feedback of the vibrational amplitude 

signal to a piezoelectric actuator. Using the 100× oil immersion objective of the 

microscope with its high numerical aperture of 1.3, a laser beam is focused onto the 

tip. The tip-enhanced Raman spectrum of the sample is then collected by the same 

objective and fed to a Raman spectrometer.  

 

 
 
 

Figure 4.2│ Experimental TERS setup for transparent samples. A laser beam (from below) is 
focused by a high numerical aperture objective on the sample. In the center of the focus is 
placed a sharp gold tip attached to a vibrating tuning fork. The distance of the tip is kept 
constant by a feedback loop to a piezoelectric actuator, and the mapping is done by a high 
precision XY-stage. 
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The TERS or confocal Raman measurements are optimized in terms of the 

maximum Raman intensity when the tip is approached or is withdrawn from the 

sample surface. The enhancement factor is different from tip to tip, depending on the 

shape and the radius of the tip, and the distance between the tip and the sample. 

Images with 256 × 256 pixels were measured with a Raman signal collection time of 

5 s per pixel. 

Figure 4.3 shows the Raman spectra of our sample, which were used to calculate 

the enhancement: spectrum a) shows the confocal Raman spectrum without gold tip 

(far field), whereas spectrum b) shows the Raman spectrum with the tip landed (near 

field and far field). The ratio between the line intensity in spectrum b) and the line 

intensity in spectrum a) is taken as the enhancement (after subtracting the baseline). 

The enhancement of the G+-line is only ≈ 2.4, compared to ≈ 250 as formerly reported 

by similar studies for pristine SWCNTs.[21] This difference confirms that the carbon 

nanotubes measured are covered by a layer of polymer, as the non-covered tubes 

would show a much higher enhancement.  

 

 
 

Figure 4.3│ Raman spectra of a SWCNT network embedded in an epoxy/amine polymer in a) 
confocal mode and b) tip-enhanced mode. Enhancement for the G+-line: 4600 counts / 1900 
counts ≈ 2.4. 

 

Tip-enhanced Raman maps of the SWCNT composite film were taken using the 

G+- (a), G’- (b) and D-lines (c) and are shown in Figure 4.4. The intensities have been 

normalized to the strongest intensity of the appropriate line, so that the areas of 

maximal intensity (white areas) correspond to: (a) G+-line: 4200 counts, (b) G’-line: 

1300 counts, (c) D-line: 830 counts, respectively. An area of 200 nm × 200 nm has 

been mapped, where a dense network of SWCNTs can be seen. Since this map was 
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taken in an area fully covered by polymer, it suggests that the initial SWCNT network 

did not suffer from agglomeration or phase separation during the polymer 

impregnation process despite possible appearances. Moreover, it shows that that the 

SEM images taken at the bottom of the composite film (Figure 4.1a) can be 

misleading if presented alone, since they cannot confirm the presence of SWCNTs in 

the composite without distinctive topographic features.  

 

 
 

Figure 4.4│ Tip-enhanced Raman mapping of a SWCNT network embedded in an 
epoxy/amine polymer. (a) G+-line, (b) G’-line, (c) D-line. The areas of maximal intensity 
(coded in white) correspond to: (a) 4200 counts, (b) 1300 counts, (c) 830 counts, respectively. 
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The ratio of the D- (“defect”) line to the G+-line (as a measure of the amount of 

nanotubes present) is used as an indicator of the SWCNTs structural damage. By 

comparing the images in Figure 4.4a and c, it can be observed that the ratio of D to 

G+-line is approximately constant in the upper half of the mapping. In the lower half 

of the mapping this ratio is much higher, showing that the SWCNTs present in the 

lower half of the map actually contain more defects, in this case possibly associated 

with broken tube edges. The Raman maps shown in Figure 4.4 confirm that, in the 

composite area where the measurements were taken, the SWCNTs embedded in the 

polymer in the upper half of the map have not been broken during the peeling off 

process. The opposite can be concluded for the lower half of the mapped area, where 

the embedded tubes show a much higher defect density suggesting a higher incidence 

of tube breaking.  

The epoxy polymer is a very good adhesive and, therefore, adheres strongly to the 

glass substrate. When the SWCNT/polymer-films have to be peeled off from the glass 

substrate, the process cannot be done without exerting mechanical stress to the 

sample. Therefore, some damage is expected to occur to the nanotubes. While broken 

SWCNTs have already been observed in SEM images (Figure 4.1b) in areas that were 

they were not covered by polymer, TERM measurements prove that even the carbon 

nanotubes that are fully embedded in the polymer matrix can suffer structural 

damage caused by external stress. 

 
4.4 Conclusions 

 

The properties of a polymer can be largely improved by adding carbon nanotubes, 

resulting in nanocomposites with higher thermal and electrical conductivity than the 

polymer alone, as well as an improved mechanical strength. However, once the 

carbon nanotubes are fully embedded in a polymer matrix it is very difficult to 

characterize them via microscopic methods in order to verify their distribution or 

structural integrity inside the composite. We used tip-enhanced Raman spectroscopy 

(TERS) to map the first layer of a polymer-embedded conductive network of single-

walled carbon nanotubes for the first time. The results helped to confirm the sample 

homogeneity beyond the capabilities of typical SEM imaging.  
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While SEM images already showed broken SWCNTs at the surface of the 

composite, using the ratio of the D- (“defect”) line to the G+-line in the SWCNTs’ tip-

enhanced Raman spectrum, we succeeded in detecting tube damage in regions fully  

covered by polymer as well. This means that peeling off the composite film from the 

glass substrate exerts sufficient mechanical stress to the sample to cause tube 

breaking in the bulk of the composite sample. Breaking the SWCNTs damages their 

electronic properties and implicitly the composite conductivity. This means that 

comparing the conductivity of the peeled off composite film with that of the initial 

SWCNTs film may not reflect the polymer effect on the SWCNT network alone. 

Because the level of tube breaking and its effect of the conductivity cannot be 

predicted for the whole composite, this sample is not suitable as a model system for 

further nanoscale characterization. A different composite preparation approach 

should therefore be considered in order to avoid structural damage to the sample. 

Despite the fact that TERM is still limited to a thin layer of only a few nm, these 

results show the advantages and value of TERM measurements in terms of verifying 

the presence and distribution of SWCNTs inside a polymer matrix as well as 

characterizing their structural integrity.  
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5.1 Introduction 
 

SWCNTs have often been used as conductive fillers for polymer composite and yet no 

composite is known where its conductivity reaches the maximum potential, namely 

that of the associated CNT network. Usually, composites prepared via the typical 

approach of mixing the conductive fillers into the polymer matrix barely reach a few 

hundred S/m regardless of the amount of filler particles in the material,[1-3] while 

pure CNT films can have conductivities in the range of 105-106 S/m.[4, 5] All these 

composites also show an increasing degree of agglomeration with increasing CNT 

content,[6-8] emphasizing the physical limitations that are associated with a higher 

amount of filler particles in the composite. On top of that, composites are typically 

prepared by adding CNTs into a polymer, either directly or by first dispersing them 

into water/solvents using surfactants/dispersing agents.[9-11] A major 

separation/stabilization mechanism for these dispersions is CNT polymer 

wrapping,[12-14] which leads to the presence of insulating layers surrounding the 

tubes. This eventually leads to high resistance tunneling contacts between the tubes 

in the final composite.[15-17] Therefore, as long as the goal is achieving highly 

conductive composite materials, there are fundamental limitations in the typical 

preparation approach, and composites prepared this way are not likely to ever reach 

their maximum potential. 

 In Chapter 3 we showed that a different preparation approach, based on 

preparing a uniform SWCNT network and subsequently filling the gaps between the 

tubes with the polymer, brings the advantage of ensuring a SWCNT network with 

good physical and electrical contacts from the beginning. The results showed that the 

cross-linked epoxy/amine polymer matrix alone can lead to about 40% increase in 

the SWCNT network resistance, similar to the effect of liquid infiltration in carbon 

nanotube fibers.[18] These studies show that there are possibilities for composites to 

reach their maximum potential, but they do not explain what happens at the 

nanoscale. The polymer effect on the individual tube-tube contacts inside a composite 

is still unknown as well as how this reflects on the large-scale electrical properties of 

the final material. Answering these questions could lead to a general approach for 

preparing composite materials as conductive as their filler particles. 

This chapter aims at understanding the effect of a polymer matrix on a SWCNT 

network at the nanoscale, and how this correlates with the large-scale network 



 The influence of individual tube-tube contacts on the macroscale conductivity 

61 

 

 
Ch

ap
te

r 5
 

 
 

 

resistance, by combining and comparing experimental results with theoretical 

considerations. A simple, basic model was developed, based on and validated by real 

samples, which shows the strong effect a few tube-tube contacts can have on the large 

scale network resistance. 

 

5.2 Materials and methods 
 

5.2.1 SWCNT films 
 

SWCNT thin films were prepared as described in Chapter 3, section 3.2.1 from 0.1% 

SWCNT dispersions with a SWCNT/CMC ratio of 1/30. Two thicker films of 2 µm and 

5 µm, were prepared a from 0.2% dispersion of SWCNTs with a SWCNT/CMC ratio 

of 1:20. After sonication and centrifugation the dispersions were deposited on 7×7 

cm2 glass substrates with a 250 μm gap doctor blade at a speed of 10 mm/sec. The 

samples were then dried for 5 minutes at 45 C under vacuum, and the coating/drying 

cycle was subsequently repeated 16 and 40 times, respectively. The final samples 

were then dried for 20 h at 45 C before being subjected to the same acid and thermal 

treatment as the previous samples (Chapter 3). These two thick SWCNT films were 

easily removed from the glass substrate and further used as free-standing films. 

Another series of 8 individual dispersions were prepared in the range of 0.01-

0.125% SWCNTs (with a SWCNT/CMC ratio of 1:30), following the same sonication 

and centrifugation procedures. These dispersions were diluted 10 times and 

absorbance measurements were taken at 550 nm in 1 cm thick quartz cuvettes using 

an USB 4000 spectrophotometer (Ocean Optics, USA) with a deuterium light source.  

 

5.2.2 Resistance measurements 
 

The heating/cooling cycles to determine the effect of doping on the resistance of the 

SWCNT films were done on a 40 nm SWCNT film using a Hall Effect Measurement 

System model HMS 5300 (Ecopia, South Korea). The sample was previously exposed 

to environmental conditions (laboratory air) overnight. During the measurements, 

nitrogen was continuously flushed inside the sample chamber and the resistance was 

constantly measured throughout all heating/cooling cycles. The sample was heated 

at 100 C and kept at a constant temperature for 1.5 hours, followed by a rapid 

cooling. After five consecutive heating/cooling cycles in an inert atmosphere the 
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sample was exposed to air again for several hours. The experiment was repeated 4 

times with similar results.  

The sheet resistance of the 2 µm and 5 µm thick SWCNT films was measured using 

standard four-point probe measurements with 5 mm distance between the probes, as 

described in Chapter 3, section 3.2.2. The probes have a diameter of 0.5 mm and a 

spherical tip. 

For the network model, LTspice IV software was used to calculate the resistance 

of networks containing from one row of UBs to 30 parallel rows of UBs across a 

distance of 5 mm as well as the resistance of 3×3 and 5×5 networks of random 

resistors. 

 

5.2.3 Polymer impregnation 
 

The epoxy/amine pre-polymer mixture was prepared as described in Chapter 3, 

section 3.2.3. Pieces of 4×8 mm2 were cut from the free-standing SWCNT film with 

the thickness of 2 µm. Each piece was placed in a silicone mold with the dimensions 

5×10 mm2, with the bottom half full with uncured pre-polymer (the SWCNT films 

were floating on the uncured mixture). The samples were placed in a desiccator along 

with an open vial of excess amine (to reduce amine evaporation from the pre-polymer 

mixture), and nitrogen was flushed to remove the air from the desiccator. The 

samples were then subjected to a mild vacuum for 10 minutes. Without opening the 

desiccator, the upper half of the silicone molds were filled with uncured pre-polymer 

mixture using a syringe through a septum, fully covering the SWCNT films. After 5 

more minutes of vacuum, the samples were removed from the desiccator and placed 

in a preheated oven. They were cured at 100 C for 4 hours, with a constant nitrogen 

flow through the oven. Since the epoxy/amine polymer does not adhere to the 

silicone, the samples were easily removed from the molds without being subjected to 

mechanical stress. A pyramid shape was then cut at the top of a cross-linked sample 

in order to expose the 2 µm SWCNT film embedded in the polymer. This sample was 

further used for ultra-microtoming. Sections of 100 nm and 200 nm were cut using 

an oscillating, 3 mm wide, ultrasonic diamond knife (Diatome, Switzerland) with a 

35° cut angle.  
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5.3 Results and discussion 
 

5.3.1 SWCNT networks: before polymer impregnation 
 

5.3.1.1 Experimental results 
 

SWCNT films with a thickness range of 10-140 nm were prepared on glass substrates 

while two additional types of films were prepared via consecutive coating/drying 

cycles, with a final thicknesses of 2 µm and 5 µm, respectively. These last two films 

could easily be removed from the glass substrates and used further as free-standing 

SWCNT films. In Chapter 3 it was shown, via TEM, SEM and AFM measurements, 

that the films are composed of randomly dispersed SWCNTs and ropes of aligned 

SWCNTs with a diameter in the range of 1 to 20 nm. The density of the 2 µm thick 

films was determined by weighing a total of six samples with the dimensions: 1 cm 

× 1 cm × 2 µm. The calculated film density of 1.1  0.1* g/cm3 (*standard deviation 

of the population) is somewhat lower than the measured densities of SWCNT bundles 

of 1.2-1.8 g/cm3,[19, 20] and approximately three times lower than the calculated 

densities of individual SWCNTs of 3.1-3.5 g/cm3.[20, 21] Using a density of 1.1 g/cm3, 

the SWCNTs occupy ≈ 61% of the film volume. 

The thin films, however, are not free-standing, the weight of the CNTs is extremely 

low compared to the glass substrate and there are significant losses during sample 

pre-treatments. Hence, any attempt to weigh these thin films is extremely unreliable. 

Therefore a series of six individual dispersions in the range of 0.01-0.125% SWCNTs 

were prepared, the absorbance of the solutions was measured at 550 nm and 

compared to the absorbance of the thin films (Figure 5.1).  

 

 
 

Figure 5.1│ Absorbance (A = logT with T the transmittance) of a) different concentration 
SWCNT solutions and b) different thickness SWCNT films. 
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The results were then used to calculate the density of the films with the same 

absorbance by “shrinking” the thickness of the cuvette with a known solution to the 

thickness of the corresponding SWCNT film. The calculations were done assuming 

that the same amount of SWCNTs absorbs the same amount of light, despite different 

tube orientations and scattering effects in solutions and films. The density of the thin 

films so obtained was 1.5 ± 0.2* g/cm3 (*standard deviation of the population), a 

value higher than the 1.1 g/cm3 obtained for the 2 µm thick film. This can be related 

to the assumptions made when applying this method, and the thin films’ preferential 

in-plane orientation, perpendicular to the light source direction. Due to this 

orientation the thin films are expected to show a higher absorbance than the same 

amount of carbon nanotubes randomly dispersed in water. In Chapter 3 the SWCNT 

films were shown to form occasional large ropes of entangled SWCNTs at the surface, 

as high as 100 nm. These ropes hardly contribute to the average thickness of the thin 

films, but they can significantly increase their absorbance. This effect will also lead 

to higher density values for the thin films, when calculated based on their absorbance. 

Despite possible errors, the similarity between the two densities implies that there are 

no major differences between the thin and the thick films, supporting the idea that 

the thick and thin SWCNT films behave similarly upon polymer impregnation.  

The large-scale resistance of all SWCNT films was measured using a 4-point probe 

system. The values fall within the range of 4 Ω - 1.5×103 Ω for the thickest film (5 

µm) and the thinnest film (13 nm), respectively. However, SWCNTs are susceptible 

to chemical doping[22] upon different gas exposures[23, 24] which can cause significant 

changes in their electrical properties. A series of consecutive heating/cooling cycles 

was performed on a reference sample in a nitrogen atmosphere, to determine the 

effect of exposure to environmental conditions on the resistance of the SWCNT films 

(Figure 5.2). The sample was kept at a constant temperature of 100 C after heating 

and before cooling during each cycle. This was done in order to simulate the 

conditions needed for cross-linking the pre-polymer mixture used in the second part 

of the study. Results showed that the film resistance continuously increases upon 

heating and even continues to increase at constant high temperature due to dedoping, 

but reaches a consistent and typical semiconducting behavior after several 

heating/cooling cycles in an inert atmosphere. Upon air exposure the sample 



 The influence of individual tube-tube contacts on the macroscale conductivity 

65 

 

 
Ch

ap
te

r 5
 

 
 

 

resistance drops down to the initial value, confirming that the doping/dedoping 

process is quantifiable and reversible. 

 

 
 

Figure 5.2│ SWCNT network resistance upon consecutive heating/cooling cycles in a nitrogen 
atmosphere and subsequent exposure to environmental conditions. 

  

5.3.1.2 Network model 
 

Considering that the SWCNTs in a film are all randomly stacked on top of each other 

with an in-plane orientation, and that the charge carriers choose the lowest resistance 

path possible through a film, a simple model was developed for the smallest possible 

SWCNT unit layer (UL) (Figure 5.3a). In order to achieve this, we used the following 

data. The equilibrium distance between two SWCNTs is 3-3.6 Å for parallel tubes,[25-

29] and 2.8-2.9 Å for crossed tubes,[30, 31] with variations depending on tube diameter 

and the crossing angle. Because our SWCNT films consist of randomly aligned and 

crossed tubes, a value of 3 Å was taken as equilibrium distance between any two 

SWCNTs in “direct” contact (Figure 5.3a). Raman measurements showed peaks at 

193.5 cm1, 217.9 cm1, 256.1 cm1 and 283.8 cm1 in the Radial Breathing Mode 

(RBM) area of the spectra, corresponding to the CNT diameters dCNT of 1.3 nm, 1.1 

nm, 1.0 nm and 0.9 nm, respectively (Figure 5.3b). These calculations were done 

based on the relation ωRBM = A/dCNT+B, where A = 234 cm1 nm and B = 10 cm1 are 

parameters determined experimentally for bundles of SWNTs.[32] While the 

intensities of these peaks can slightly vary from one sample area to another, the 

diameter of the SWCNTs can be safely approximated as 1.0 nm. 
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Figure 5.3│ a) Schematic of a SWCNT unit layer and a direct tube-tube contact for a film of 2 
µm thickness and b) Raman spectrum of a SWCNT thin film.  

 
With a tube diameter of 1 nm and an equilibrium distance of 3 Å for each contact, 

a maximum of 1.6×103 SWCNTs stacked in a film of 2 m thickness was calculated, 

corresponding to 1.6×103 contacts. Using the tube diameter 1 nm, the C-C bond 

length in a SWCNT a = 1.42 Å,[33] and the distance between two consecutive C atoms 

on a cross-section (green line in Figure 5.4a) b = 31/2a, a number of 13 C atoms per 

cross-section was calculated. The distance between two consecutive rings of atoms is 

a+c, where (see Figure 5.4a) a = 1.42 Å and c = 0.71 Å, respectively. As the average 

length of a SWCNT ≈ 2 µm, 1 SWCNT contains on average 2.4×105 C atoms, a  result 

similar to the results of other studies.[34] Because 1 mol (12 g) of C contains 

6.022×1023 C atoms, the weight of one SWCNT is 4.8×1018 g, while the measured 

density of the network is 1.1 g/cm3. Therefore 1 µm3 contains 2.3×105 SWCNTs.  

 

 
 

Figure 5.4│ Schematic of a) a SWCNT wall structure and b) a unit layer within the unit block.  
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A SWCNT network comprised of a Unit Block (UB) with the dimensions 22t 

µm3, where t = 2 µm, (the thickness of the reference SWCNT film) would contain 

1.9×106 SWCNTs.  By cutting this block into unit layers (ULs) (Figure 5.4b) with a 

thickness d = 1.3 nm (nanotube diameter plus the equivalent equilibrium distance) 

a number of 1.2×103 SWCNTs per UL is obtained, for a total of 1.6×103 stacked ULs. 

Because the total number of carbon nanotubes inside the UB is constant regardless of 

the way they are entangled, and 1.6×103 is the maximum number of tubes that can 

be stacked on top of each other, 1.2×103 becomes the minimum number of carbon 

nanotubes that can be packed in a unit layer for the measured network density. In 

reality both numbers represent a kind of upper and lower limit, even if possible 

preferential in-plane orientation may still lead to a higher number of tubes for a unit 

layer section in the y-direction than a unit layer section in the x-direction. Therefore, 

an average value of nUL = 1.4×103 SWCNTs per unit layer was used for further 

resistance calculations.  

Due to the very large aspect ratio of the SWCNTs, the unit layer behaves like a 

network of resistors connected in parallel. Each SWCNT is a resistor by itself with an 

intrinsic resistance of 1-30 kΩ,[35-38] values that are close to the theoretical predictions 

of 6.5 kΩ in case of ballistic transport.[38, 39] The average value of 15 kΩ was chosen 

as the intrinsic resistance of one individual SWCNT. However, it is usually considered 

that the contact resistances between the tubes play the dominant role in such a 

network. These contact resistances have been found to be in the range of values from 

tens of kΩ to several MΩ,[39-41] because SWCNTs have a wide range of possible 

orientation-dependent structural configurations (Chapter 1, section 1.3), with 

electronic properties from semiconducting to metallic. There are also difficulties 

separating the contact resistance between individual CNTs from the contact resistance 

between tubes and the metal electrodes used for the measurements (as the latter 

normally have values in a similar wide range)[39, 42-44]. SWCNTs are also sensitive to 

temperature, atmosphere, doping, etc., which can all strongly influence their contact 

resistance.  

Znidarsic et al.[45] found that at ambient temperature and pressure, SWCNTs and 

small bundles of SWCNTs with diameter smaller than 6 nm show a reasonably narrow 

range of 30-530 kΩ for the contact resistances. These authors emphasize the 

difference between two types of contacts, namely Y-shaped contacts for which one 
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part of a particular CNT is parallel to another CNT, and X-shaped contacts where two 

CNTs just cross, with Y-shaped contacts having on average a 3 times lower contact 

resistance than X-shaped contacts. This study is particularly realistic and applicable 

because any SWCNT dispersion or network is a mixture of individual and small 

bundles of SWCNTs as well as contains different types of geometrical contacts. 

Similar value ranges were also obtained by Nirmalraj et al.[46], despite opposing 

conclusions regarding contact resistance variation with bundle diameter. The average 

values of 180 kΩ for X contacts and 58 kΩ for Y contacts were used as reference for 

tube-tube contact resistances.[45] Because it is fairly difficult to estimate the number 

of X and Y contacts in a random network, the contacts were considered to be either 

all X-shaped or all Y-shaped, thereby defining an upper and lower range value.  

Based on nUL SWCNTs connected in parallel in a unit layer, the resistance for Z-

type contacts (Z = X or Y) of the unit layer can be calculated via 
 

	                                                                             (1) 
 

Using nUL = 1.4×103 we obtain RUL(X) = 1.4×102  and RUL(Y) = 53 , respectively. 

The same type of calculations can be done for a Unit Block (UB), i.e., a SWCNT 

network comprised of a block with 22t µm3, where 2 m is the full length of a tube 

and t the thickness of the SWCNT film. For a film with t = 2 m, this UB contains nUB 

= 1.9×106 tubes. All these tubes are considered to be connected in parallel because 

the length of the SWCNTs and the high network density, make it almost impossible 

for a tube to have only one single connection, direct or indirect, with another tube. 

The resistance of the UB is than given by 
 

	                                                                             (2) 
 

and we obtain RUB(X) = 1.04×101  and RUB(Y) = 3.9×102 , respectively. 

For our large scale, four-point probe resistance measurements, the distance 

between the electrodes is 5 mm. This means that 2.5×103 UBs fit between two 

consecutive probes. Because one block in the model accommodates full length carbon 

nanotubes, its connection to the next block will happen at the end parts of the tubes, 

making them connected in series (Figure 5.5a). Consequently, the large scale film 

resistance across a 5 mm distance was calculated as: Rfilm(X) = 2.6×102 Ω and Rfilm(Y) 

= 98 Ω.  
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Figure 5.5│ Schematic of a) one row of UBs connected in series across a distance of 5 mm for 
a 2 µm thick film, and b) an electrical equivalent for a network comprised of three parallel 
rows of UBs across a distance of 5 mm (n = 2.5×103). All resistors have the same resistance, 
as calculated for one UB (fully comprised of either X- or Y-type contacts). 

 

Because the probes have a 0.25 mm radius spherical tip, the apparent contact area 

between a probe and the SWCNT film will be larger than 4 µm2. This means that the 

probe is in direct contact with more than one UB, implying for the model that the 

conducting path between two consecutive probes contains several parallel rows of 

UBs. The SWCNT films contain randomly distributed tubes and ropes of entangled 

tubes with occasional large ropes as high as 100 nm at the surface (Chapter 3). On 

top of that, the SWCNT films occupy only ≈ 61% of the film volume. Combined with 

variable penetration depth of the probes inside the “porous“ samples, this make it 

very difficult to estimate the real contact area between the probes and the SWCNT 

network. It is also difficult to estimate the number of parallel rows of UBs connected 

in series that participate in the electrical transport. Therefore the resistance was 

calculated for networks containing from one row of UBs to 30 parallel rows of UBs to 

estimate the apparent contact area. For these calculations each UB was considered to 

be a resistor with RUB(X) = 1.04×101  and RUB(Y) = 3.9×102 , respectively, and 

the UBs are connected with their neighboring UBs.  

The same method was used to calculate the large scale resistances of SWCNT films 

with thicknesses between 10 nm and 5 µm. Note that the UB size is always 22t 

m3, where t is the film thickness. Figure 5.5b shows the example of an electrical 

circuit describing a network comprising three parallel rows of UBs. A larger contact 

area between the probe and the sample results in a lower measured resistance 

between the probes, and for the model this implies that the network should contain 

a number of parallel UB rows. Therefore the network resistance across a 5 mm 

distance was also calculated for a varying number of parallel rows of UBs (Figure 

5.6). Before comparing the model results with the experimental data, a dedoping 
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correction factor was applied for the latter, based on previous experiments (Figure 

5.2), because doping is a factor not considered in the model. The comparison between 

the model data and experimental results indicates that they compare rather favorably, 

showing virtually the same dependence on thickness (Figure 5.6). Also the overall 

level is matching well using about 7 and 3 parallel rows of UBs for networks 

containing only X-shaped and Y-shaped contacts, respectively.  

 

 
 

Figure 5.6│ Resistances of different thickness SWCNT films obtained via four-point probe 
measurements (*dedoped) versus network model calculations for a) networks with 1, 7 and 
30 parallel rows of UBs containing only X-shaped contacts and b) networks with 1, 3 and 10 
parallel rows of UBs containing only Y-shaped contacts. 

 

To put the result in perspective, in reality there is, of course, no such clear 

distinction between one UB and another, but the network density and the type of 

contacts between the SWCNTs, geometrical and electrical (in parallel or series) are 

the same. Moreover, it is difficult to estimate the real contact area between the 

electrodes and the SWCNT film and the model provides an estimate for the effective 

contact area. The latter covers 3 to 7 UB rows (for Y- and X-shaped contacts, 

respectively), corresponding to a width of about 6-14 m and an area of 28-154 m2, 

assuming a circular contact area. These values are not unreasonable in view of the 

size of the electrodes. Evidently, the network model is a simple one and assumes that 

there is only one contact point between two consecutive SWCNTs in a unit layer, but 

probably, due to the ability of the SWCNTs to entangle with each other, more contact 

points are present between tubes. Although this affects the final contact 

configuration, the large number of contacts will still lead to a well-determined 

effective contact resistance. Also the length and diameter of the real SWCNTs are 

variable leading to variations in the number of tubes and contacts within a UB.  
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Moreover, the model uses average contact resistance and intrinsic resistance 

values from literature for all contacts and tubes, respectively, while in reality we have 

a random mixture of SWCNTs with different orientation-dependent structural 

configurations and different electrical properties. This can lead to significant 

differences in intrinsic and contact resistances from one tube to another, and it is 

impossible to choose one value to fit all. These differences also lead to variations in 

the UB resistance and affect the final network resistance calculated for the SWCNT 

film. 

In order to estimate the effect of such variations on the resistance of a large scale 

SWCNT network comprised of aligned UBs, we used two reference networks 

containing 3×3 and 5×5 identical UBs (schematic of 5×5 electrical network in Figure 

5.7a). Initially, each UB has a standard resistance of RUB = 0.1 Ω and the network 

resistance of the two reference configurations is also 0.1 Ω. Thereafter, the resistances 

of the UBs inside each reference network were varied using randomly generated 

numbers[47] from a Gaussian distribution with the standard deviation of 10%, 30% 

and 50% of the mean value (Figure 5.7b). In the latter case, a fraction of 0.03 contains 

non-physical, negative values which were neglected. An example of such a randomly 

distributed network generated for a standard deviation of 30% is shown in Figure 

5.7c.  

 

 
 

Figure 5.7│ a) Schematic of an electrical circuit describing a 5×5 network, b) Gaussian 
distributions used for UB resistance variations and c) example of random generated UB values 
for a 30% standard deviation in a 5×5 network. 
 

Table 5.1 shows the results obtained for the two reference networks after varying 

the resistances of their UBs three times for each standard deviation. The final 

resistances of the reference networks show minor variations, while the average values 
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seem to decrease for higher standard deviations. These have wider distributions and 

therefore a larger fraction of low-resistance UBs. This concept is difficult to observe 

and explain when comparing networks that contain resistors of different values which 

are randomly distributed within each reference network.  

 

Table 5.1│ Final resistance values of two reference networks after random variations 

of the resistance of their UBs based on Gaussian distributions. 

Reference network size 
(nr. of rows × nr. UBs in a row) 

Standard deviation of Gaussian distribution 

10% 30% 50% 

3×3 

0.1053 Ω 0.1016 Ω 0.0854 Ω 

0.1031 Ω 0.0976 Ω 0.0744 Ω 

0.1077 Ω 0.0976 Ω 0.0744 Ω 

Average 0.1054 Ω 0.0989 Ω 0.0781 Ω 

5×5 

0.1047 Ω 0.0864 Ω 0.0777 Ω 

0.0992 Ω 0.0984 Ω 0.0979 Ω 

0.1015 Ω 0.0906 Ω 0.1016 Ω 

Average 0.1018 Ω 0.0918 Ω 0.0924 Ω 

 

In order to analyze the effect of a few resistors on the total network resistance, 

the UB resistances inside a 5×5 reference network were also varied systematically. 

In this regard, several UBs were given values 10 times larger and/or 10 times smaller 

than the standard UB, while all remaining UBs were kept constant at a value of RUB 

= 0.1 Ω (Figure 5.8). When 1 to 4 standard UBs are replaced by high-resistance UBs 

(RUB = 1 Ω) arranged in the same column, the network resistance systematically 

increases with the number of high-resistance UBs (Figure 5.8a1-a4) until it is ≈ 51% 

higher than the reference network. The opposite effect can be observed for low-

resistance UBs with RUB = 0.01 Ω (Figure 5.8b1-b4) with the total resistance 

decreasing with ≈ 18% for 4 low-resistance aligned UBs. Adding both high-resistance 

and low-resistance UBs on the same column (Figure 5.8c1-2) gives almost the same 

result as the networks containing only low-resistance UBs (Figure 5.8b1-2), as 

opposed to placing them in neighboring columns (Figure 5.8c3-4). These examples 

emphasize that the high-resistance UBs have a larger impact on the total network 

resistance when they are on the same path as the low-resistance UBs, as opposed to 

them being isolated when they have a nearly negligible contribution in the presence 
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of the low-resistance UBs. However, the former is a highly unlikely situation in a real 

random network, such as our SWCNT films, especially at a larger scale (e.g., across 5 

mm) when the network contains several thousand UBs. Moreover, the resistance of 

each UB is given by nUB = 1.9×106 different tubes, making the scenario of two high-

resistance UBs being neighbors also very unlikely.  

 

 
 

Figure 5.8│Total resistance of a 5×5 reference network in which UB resistances were varied 
systematically. 
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In real samples, the resistors are randomly arranged throughout the network and 

do not follow a certain pattern. An example of such a random network is given in 

Figure 5.8a5, where the 4 high-resistance UBs are arbitrarily arranged throughout the 

network. In this particular case the network resistance only increases with ≈ 18% 

when compared to the initial reference network while it decreases with ≈ 51% when 

the same UBs have a low resistance (Figure 5.8b5). When both high and low-

resistance UBs are randomly distributed into the same network (Figure 5.8c5), the 

total resistance decreases with ≈ 46%. These values would vary for different 

arrangements of the resistors in the network. However, the three examples emphasize 

the bigger impact that a few low-resistance UBs have on the total network resistance, 

as opposed to and almost regardless of their high-resistance counterparts. 

In a random network of resistors the current passes through all resistors available 

and each component has a certain contribution to the total network resistance. 

However, the low-resistance components allow more current to pass through, which 

means that the least resistive path with contribute most to the total network 

resistance. Since the resistance value of the high-resistance UBs is 100 times than that 

of the low-resistance UBs, the range defined by these values reflects the wide range 

that tube-tube contact resistances have. Therefore, these results can also be used to 

explain the impact that the different intrinsic and tube-tube contact resistances can 

have on a UB resistance: even if tube-tube contact resistances as high as a few MΩ 

can occur, they are scarce and will not have a significant impact on the UB resistance 

in the presence of lower contact resistances.  

These results show that if our model assumes a more realistic approach of 

including a certain distribution of UB resistances across the whole network, the total 

network resistance would show only minor variations, or at most a small decrease.  

Despite all simplifications, the model fits well with the experimental results and 

shows the same behavior as the experimental data, showing that the simple network 

model developed can be used to calculate reasonable and realistic network resistances 

at a small scale as well as at a large scale. 
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5.3.2 SWCNT networks: after polymer impregnation 
 

5.3.2.1 Experimental results 
 

Pieces of 4×8 mm2 were cut from a free-standing SWCNT film with a thickness of 2 

µm, placed in silicone molds and impregnated with an epoxy-amine polymer mixture 

under vacuum. These samples were then cured at 100 C for 4 h, removed from the 

molds and prepared for ultra-microtoming (Figure 5.9a, b). 

 

 
 

Figure 5.9│ SWCNT film 2 µm thick, a) before (left) and after (right) polymer impregnation 
and b), c) SEM images of a SWCNT composite film embedded in an epoxy-amine polymer 
matrix. 

 

SEM and AFM images were taken at the cross-section of the polymer embedded 

composite film, on bulk samples (Figure 5.9c) as well as on microtomed sections 

(example in Figure 5.10b), to verify that there are no air bubbles or inhomogeneities 

in the newly-formed composite. Systematic SEM measurements were done using a 

viewing orientation normal to the SWCNT film cross-section to determine the precise 

thickness of the SWCNT film before (Figure 5.10a) and after polymer impregnation 

(Figure 5.10b). For the pure SWCNT film, measurements were done on an edge 

obtained by cutting with scissors as well as on an edge obtained by manual breaking. 

The thickness of the SWCNT composite film was determined from multiple 

measurements on sections with 100 nm and 200 nm thickness. These results were 

also verified by AFM measurements on the bulk sample (Figure 5.9c) and TEM 

measurements on 100 nm sections. All these results indicate that the composite film 

has a thickness ≈ 15% higher than the initial pure SWCNT film. This thickness 

increase is further denoted as swelling. By taking this thickness increase into 

consideration, we can calculate that the SWCNTs occupy ≈ 53% of the composite 

volume. 
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Figure 5.10│ SEM images and thickness histograms of 2 µm SWCNT film a) before and b) 
after polymer impregnation with an epoxy-amine polymer (*standard deviation of the 
population). 

 
5.3.2.2 Network model 

 

Dividing the 15% swelling (i.e., 0.31 m thickness increase for the 2.03 m thick 

film) by the average number of 1.4×103 contacts obtained for our UL, an average 

distance of 2.2 Å between each two consecutive SWCNTs can be calculated. This value 

represents the thickness of the insulating layer formed between each two tubes in 

contact and the tunneling distance of that specific contact. However, the amine 

molecular chain can be as wide as 3.5 Å while the epoxy molecular chain can be as 

wide as 5 Å (without including steric effects). Even assuming that due to possible -

 stacking, the benzene rings would align with the surface of the SWCNTs, their van 

der Waals thickness is still 3.4 Å,[48, 49] and not likely to fit in. Unfortunately, the 

thickness of the polymer layer between all contacts cannot be measured, and precise 

estimates on how the polymer chains can arrange themselves around the tube walls 

are fairly difficult. It is also not realistic to assume that the polymer creeps in between 

all contacts in the same way. Therefore we took into consideration different 

possibilities based on either of two assumptions: 

1. All the contacts get a 2.2 Å insulating layer upon polymer impregnation, 

implying that all contacts in the UB have the same tunneling distance and resistance; 

2. Only some contacts get an insulating layer while the rest remains unchanged 

(direct contacts), implying that the additional 15.2% in film thickness has to be 
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distributed only over the tunneling contacts. Because there is no way to verify how 

many tunneling and how many direct contacts we have, their numbers were 

systematically varied, while maintaining the total number of 1.4×103 contacts 

constant. Note that the percentage of tunneling/direct contacts also changes for 

different tunneling distances. Figure 5.11 shows how these percentages vary with the 

tunneling distance for different swelling degrees. 

 

 
 

Figure 5.11│ Percentage variation of direct/tunneling contacts as a function of tunneling 
distance for different swelling degrees. 
 

The tunneling resistance depends not only on the thickness of the insulating layer, 

but also on the nature and properties of both the SWCNTs and the polymer matrix. 

Previous studies have shown that the tunneling resistance between two SWCNTs with 

an epoxy layer of ≈ 4 Å in between is Rtunneling = 107-109 Ω.[15, 16] These values are 5-7 

orders of magnitude larger than the contact resistances of direct contacts. Despite 

experimental difficulties and errors, Wold et al.[50] showed that there is a difference 

between the tunneling resistance for, e.g., a 4 Å layer of unsaturated molecules 

(Rtunneling  105 Ω) and saturated molecules (Rtunneling  105 Ω) and this difference 

becomes more significant for tunneling distances above 5 Å. The tunneling resistance 

values for epoxy polymers determined by Li et al.[15] and fitted by Ward[51] were used 

to calculate the resistance of the tunneling contacts in our model. The maximum 

insulating layer between two contacting tubes was taken as 2 nm, because for larger 

values tunneling is considered to have a negligible contribution to the electrical 

transport.[52, 53] 
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The results of the model calculation (Figure 5.12, black lines) show that the 

network resistance gradually increases with tunneling distance until it reaches a 

maximum, after which the network resistance starts to decrease. The maximum value 

occurs at a tunneling distance of 3.5 Å and 3.2 Å for X- and Y-type of contacts, 

respectively, regardless of the percentage of tunneling contacts. At these values, the 

tunneling resistances are, respectively, 11 and 12 times higher than the direct contact 

resistance for X- and Y-type of contacts. For tunneling distances smaller than these 

maximum values, the reliability of the tunneling resistance values is questionable 

because of the physical limitations that come with the dimensions of the real polymer 

chains. At these distances it is possible that the polymer simply pushes contacting 

SWCNTs apart without necessarily creeping in between them. In this case, there is 

still tunneling between the tubes, but tunneling through air/vacuum. While choosing 

where to draw the line is difficult, J. G. Simmons [54] showed that a smaller dielectric 

constant K of the insulating film leads to a lower tunneling resistance. Therefore, the 

fact that the network resistances would be lower for tunneling through air/vacuum 

(K ≈ 1)[55] than through epoxy polymers (K ≈ 4)[15] is easy to foresee. 

 

 
 

Figure 5.12│ Resistance of the UL for constant tunneling distances (initial model) and for 
tunneling distances with Weibull distributions for different standard deviations (). 

 

The SWCNTs are randomly oriented in the network and entangled with each other 

so there are different possible tunneling paths and distances for each individual 

contact. Because of the exponential distance dependence of tunneling, the current 

tends to follow the shortest path possible which is normal to the tube,[56] thus 
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reducing the probability of other potential tunneling paths in one contact to a 

minimum. However, our model uses a constant tunneling distance and consequently 

a constant resistance for all tunneling contacts in the network, which is not 

representative for real samples. The latter generally have a certain distribution of 

tunneling distances/values. Because the tunneling distances are limited at one side 

with a minimum value of zero, a normal distribution is not suitable for our model. 

Therefore, a two-parameter Weibull distribution ;,  


 

 with the 

mean 	 1


 equal to the tunneling distance value was applied for all tunneling 

distances of the tunneling contacts in the network. Standard deviations 

  1


 1


 of 10%, 20% and 30% of the average tunneling distance 

(examples in Figure 5.13) were used in order to assess how a tunneling distance 

distribution affects the network behavior.  

 

 
 

Figure 5.13│ Probability density function (PDF) of Weibull distributions for tunneling 
distances with standard deviation of a)  = 10% ( = 12.2) and b)  = 30% ( = 3.7). 

 

By maintaining the 15.2% thickness increase constant and using such a Weibull 

distribution for the tunneling contacts alone, we calculated the resistance of a UL for 

a specific tunneling distance. For example the UL resistance for the tunneling distance 

of 2.2 Å and a distribution with  = 30% is RUL(X) = 1.9×102  and RUL(Y) = 84 , 

respectively. The UL resistances calculated for other tunneling distances are shown 

in Figure 5.12. The results show that the width of the distribution hardly influences 

the results. In fact only the height of the maximum is slightly changed and while the 

general network behavior remains the same (Figure 5.12). Our previous in-situ 

resistance measurements (Chapter 3, Table 3.1) showed about 40% resistance 
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increase of the SWCNT network due to the polymer impregnation alone.[57] This value 

fits well into the resistance range calculated using the model (intermittent black lines 

in Figure 5.12).  

In order to assess whether our results show general network behavior or whether 

they fit our model system only, the same calculations were done while varying the 

number of contacts in the network model and the thickness increase. By changing the 

number of contacts in the network model while maintaining the 15.2% swelling 

constant (Figure 5.14a, b), no difference was observed in the behavior of the network 

resistance with regard to the number and type of contacts or even tunneling distance. 

The only difference from one model to another is the systematic resistance decrease 

with an increasing number of contacts. By changing the swelling percentage due to 

polymer impregnation while maintaining the number of contacts constant, the 

percentage of tunneling and direct contacts is also changing with the tunneling 

distances (see Figure 5.11). The values of the maximum network resistance are at the 

same tunneling distances, regardless of swelling degree and the percentage of 

pure/tunneling contacts (Figure 5.14c, d).  

 

 
 

Figure 5.14│ Resistance of a UL containing only X-shaped contacts with a), b) varying number 
of contacts and c), d) varying swelling degrees. 
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The same calculations were done for networks containing only Y-type of contacts 

(Figure 5.15) and they showed exactly the same type of behavior, but with the 

maximum resistance peak at 3.2 Å. 

These results confirm that the 3.2-3.5 Å tunneling distance actually acts as a 

threshold. For distances smaller than this threshold, the network resistances are 

constantly increasing with the tunneling distance, while for distances larger than the 

threshold, the network resistance values are virtually identical at the same 

percentages of direct contacts for all swelling degrees and are (mainly) determined 

by the direct contacts alone (Figures 5.14d and 5.15d). This shows that for distances 

larger than the threshold, tunneling resistances are too high and no longer contribute 

to the network conductivity, and only the direct contacts determine the electrical 

transport in the network. 

 

 
 

Figure 5.15│ Resistance of a UL containing only Y-shaped contacts with a), b) varying number 
of contacts and c), d) varying swelling degrees.  
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5.4 Conclusions 
 

We have used experimental results to develop and validate a simple model to describe 

SWCNT networks, both for as-prepared networks and networks impregnated with an 

epoxy-amine polymer. While the experimental results show the large-scale physical 

and electrical properties of the networks, the model provides an insight on which 

contacts contribute to the conductivity. The model shows that after impregnating an 

existing SWCNT network with a polymer, there is a threshold for tunneling distances 

above which the tunneling contacts no longer contribute significantly to the network 

conductivity. While the precise value of the threshold may be specific for our model 

and may change for other polymers, conductive particles or conditions, the model 

provides a useful tool to explain why the polymer impregnation process had such a 

small effect on the large-scale resistance of our SWCNT films. More explicitly, already 

a small tunneling distance between two CNTs can lead to a negligible contribution of 

this contact to the composite conductivity. This is why, even after the percolation 

threshold is reached in a typical composite material, the conductivity does not 

increase significantly with the addition of more filler particles. It is still the presence 

of a relatively small number of good contacts that ensures conductivity, rather than 

the total number of filler particles. It is “quality-over-quantity” put into practice. 

Moreover, the typical methods of preparing electrically conductive composite 

materials by dispersing the filler particles in a polymer matrix generally lead to much 

larger tunneling distances than 3.5 Å, making the addition of increasing amounts of 

filler particles almost fruitless from the electrical point of view. Our results suggest 

that in order to achieve highly conductive composite materials, the preparation 

process needs to be approached from a different perspective, for example, by using 

pre-prepared CNT networks. They also show that it is possible to prepare composites 

(nearly) as conductive as their filler particles, but that ensuring the presence of low-

resistance contacts between the particles is essential. 
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5.6 Appendix: composite film thickness  
 

The thickness of the SWCNT composite film was verified with TEM measurements on 

100 nm sections.  

 

  
 

Figure A5.1│ TEM images on 100 nm sections of a SWCNT composite film at different 
magnifications. 
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6.1 Introduction 
 

Atomic force microscopy (AFM) is a popular technique for characterizing the surface 

of materials because it brings the advantage of providing three-dimensional 

topography information with a vertical resolution of less than 1 nm combined with, 

usually, a greater level of detail than electron microscopy techniques. AFM uses a 

sharp tip (with a typical curvature radius of several tens of nanometers) that is 

scanned over the surface of a sample, thereby generating a feed-back based on the 

interaction between the tip and the sample. The deflection of the tip, as a 

consequence of attractive or repulsive forces that occur between the tip and the 

sample in different points, is monitored via a laser beam and a photodiode detector 

and converted into a topographic map.  

If a voltage is applied between a conductive tip and the sample during these 

measurements, a current can be measured in addition to the topographic information 

obtained, generating a current map correlated with the topography map. This 

combination, named conductive-AFM (C-AFM) (Figure 6.1), is a technique typically 

used for qualitative analysis to identify conductive paths at the surface of different 

materials,[1] to differentiate between areas/domains with different conductivities,[2,3] 

or to correlate topographic features with their electrical properties.[3, 4]  

 

 
Figure 6.1│ Schematic of C-AFM setup. 

 

However, quantitative C-AFM measurements are not common due to the many 

difficulties encountered by this technique. The electrical resistance measured via C-

AFM is strongly influenced by many factors, such as the compatibility between the tip 
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material and the sample, the tip force on the sample, the contact area between the 

tip and the sample, and environmental conditions such as humidity and temperature. 

On top of that, all AFM tips are unique and can have variations in tip diameter or 

even electrical properties due to oxide layers on the conductive coating.[5] Moreover, 

these tips can degrade during AFM scans due to tip oxidation or brushing-off of their 

conductive layer, leading to differences in current values across the same area during 

multiple consecutive scans. All these aspects pose a big challenge for achieving 

reliable and reproducible quantitative C-AFM results. 

This chapter comprises a systematic approach towards finding the suitable 

conditions for C-AFM to generate reliable, reproducible and quantitative current 

maps that can be used to calculate the resistance in each point of a SWCNT network, 

either non-impregnated or impregnated with a polymer matrix, with nanometer 

resolution. The technique was also used to characterize the local electrical properties 

of a highly conductive composite material at the microscale as well as the nanoscale. 

  

6.2 Materials and methods 
 

6.2.1 Sample preparation 
 

The SWCNT composite sample was prepared, as described in Chapter 5, section 5.2, 

from a free-standing SWCNT film 2 µm thick. This film was subsequently embedded 

in a polymer matrix composed of a cross-linked epoxy/amine mixture (Epikote 828 

and Jeffamine D-230) using a silicone mold with the dimensions 5×10 mm2. These 

samples are referred to as (SWCNT) films and (SWCNT) composites, respectively. 

Two edges of the resulting bulk sample were ground to remove the excess polymer 

(Chapter 5, Figure 5.9a) and expose the embedded composite film in order to 

facilitate a direct contact to the conductive composite. A pyramid shape was cut at 

the top of the embedded film for further ultra-microtoming. Sections with a thickness 

in the range of 150-350 nm were cut from the sample using an oscillating, 3 mm wide 

ultrasonic diamond knife (Diatome, Switzerland) with a 35° cut angle. 

 
6.2.2 Resistance measurements 
 

In order to determine the effect of the apparent contact area between the initial 

SWCNT film and an electrode on the measured resistance, two identical Au-plated 

flat probes were placed on opposite sides of the free-standing SWCNT film using a 
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home-made system (Figure 6.2a). These probes were connected to a VC840 

multimeter (Voltcraft®, Germany) in order to measure the resistance across the width 

of the film. The diameter of these probes (Romex B. V., The Netherlands) was then 

systematically varied: EPA C30 (d = 0.76 mm), EPA 2C 40 (d = 1.02 mm), EPA 3C 

(d = 1.27 mm), EPA 2F (d = 1.91 mm), EPA 3F (d = 2.54 mm) and EPA 4F (d = 

3.96 mm) (example in Figure 6.2b).  

In order to determine the effect of the distance between the electrodes on the 

measured resistance of the SWCNT film, two identical probes with d = 2.54 mm were 

placed on the same side of the SWCNT film and the distance between them was 

systematically varied. 

 

  
 

Figure 6.2│ a) Home-made system used to measure resistance across the width of a free-
standing SWCNT film and b) flat, Au-plated probes with different diameters. 

 

6.2.3 C-AFM measurements 
 

AFM measurements were performed using a SOLVER NEXT (NT-MDT, Russia) for the 

initial, free-standing SWCNT film and the composite sections. The bulk composite 

sample was measured using a NTEGRA-Tomo device (NT-MDT, Russia) based on a 

NTEGRA SPM (scanning probe microscopy) platform integrated with a Leica UC6NT 

ultramicrotome.[6] This construction allowed the investigation of the sample surface 

by AFM directly at the cross-section of the composite film before and after removing 

at least 2 µm of material from the surface of the sample by sectioning. The 

measurements were done either in air (RH > 50%) or in a controlled humidity 

environment. The humidity (and air composition) was varied by flushing nitrogen at 

a slow rate inside the sample chamber. The samples were kept under the chosen 

conditions for several hours before C-AFM measurements were done for the system 

to stabilize (temperature range of 20-24 °C and relative humidity RH  2%). Silicon 
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tips from NT-MDT coated with Au and Pt (CSG01, force constant k = 0.003-0.13 

N/m), W2C (HA_HR, k = 17-43 N/m), TiN (NSG01, k = 1.45-15.1 N/m) and 

conductive, doped diamond (DCP01, k = 2.5-10 N/m) were tested as well as PtSi-

coated tips from Nanoandmore GmbH (PtSi-FM-10, k = 0.5-9.5 N/m). 

The initial SWCNT film deposited on a glass substrate, was connected to the 

conductive stage via a Au wire placed on the surface of the film. C-AFM measurements 

were done at a distance of ≈ 1 mm away from this wire. The bulk composite sample 

was sputtered with Au using an Emitech K550 sputter coater at 20 mA current for 2 

minutes, to facilitate the electrical contact between the embedded conductive 

composite and the sample holder. The composite sections were deposited on Au-

coated monocrystalline silicon wafer and the connection between the Au layer and 

the stage was also done via a Au wire. Therefore, the second electrode, the tip being 

the first, is Au for all samples measured. 

 

6.3 Selecting the conductive-AFM tip 
 

Selecting a suitable tip for C-AFM is an essential task in terms of compatibility 

between the tip material and the sample to be measured. Different metals can lead 

to various contact resistances with SWCNTs. Matsuda et al.[7] calculated that the 

strongest bonding between a graphene layer and a metal is for Ti, followed by Pd, Pt, 

Cu, and Au, with Pd-SWCNT contacts having a 9 to 52 times higher contact resistance 

than Ti-SWCNT contacts. In addition, SWCNTs are usually a mixture of different 

metallic and semi-metallic tubes and therefore there are contact resistance variations 

due to the type of the tubes alone. To make the matter even more complicated, the 

contact resistance between the tip and the sample RC_tip-sample can rarely be separated 

from the contact resistance between the second electrode (substrate/wire) and the 

sample RC_subs/wire-sample. These two are usually measured together as the total contact 

resistance between the two electrodes (tip and substrate/wire) and the sample:  
 

2 _ _                                                                            (1) 
 

The two-terminal contact resistance between different types of metal electrodes 

and SWCNTs can vary from several kΩ to several MΩ,[7-10] with metallic tubes giving 

the lowest values in the range. Our samples are SWCNT networks, as-prepared and 
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impregnated with a polymer, which contain a mixture of metallic and semi-metallic 

tubes. The second electrode (next to the tip) is Au, whether sputtered on the 

substrate, directly on the sample or simply a Au wire in contact with the sample. This 

means that the tip has to be conductive enough to handle a wide range of current 

variations for the same scanning area. 

A major condition making quantitative C-AFM measurements possible is that the 

tip resistivity is lower than the sample resistivity.[11] Since our SWCNT films have a 

resistivity of ρ ≈ 2×103 Ω·cm (up to 5 times higher for composites), most typical C-

AFM tips satisfy this condition with the exception of doped diamond tips (Table 6.1). 

The latter also have the largest tip curvature radius, which would result in a poor 

lateral resolution when dealing with SWCNTs and ropes of entangled tubes from one 

to several nm in diameter (Chapter 3, section 3.3.1).[12] 

 

Table 6.1│Properties of different C-AFM tips. 
 

 

* manufacturer’s specifications 
** approximation based on study done by Streller et al.[15] 

 

Au-coated tips are most commonly used for C-AFM measurements. Figure 6.3a, b 

shows an example of topography and current image, respectively, taken with a Au-

coated tip under atmospheric conditions (with a force exerted by the tip on the 

sample ≈ 5 nN, further labelled as contact force). However, Au is very soft and the 

tips have a short life time. After 15-20 consecutive scans the Au coating is completely 

brushed off the apex of the tip, and the electrical contacts are only formed at the sides 

of the tip and therefore the neighboring areas of the SWCNTs show much higher 

current values (lower resistances) than the upper side of the tubes (Figure 6.3d, e). 

Aside from the damage, large current fluctuations are visible even within the same 

Tip coating 
material 

Tip resistivity* 
Tip curvature 

radius* 
Material hardness 

(Mohs scale) 
Au 2×106 Ω·cm ≈ 35 nm 2.4[13] 

Pt 10×106  Ω·cm ≈ 35 nm 4.3[13] 

W2C 25×106  Ω·cm < 35 nm 9[14] 

PtSi 25-35×106  Ω·cm ≈ 25 nm ≈ 6.5** 

TiN 100×106  Ω·cm ≈ 35 nm 9[14] 

Doped diamond 0.5-1  Ω·cm ≈ 100 nm 10[14] 
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scan (Figure 6.3c, c1), suggesting an instability in the electrical contacts formed 

between the tip and the sample. Similar results were observed by Guo et al.[16] who 

showed that under normal scanning conditions (≈ 5 nN contact force) using a W2C 

tip on a Au surface in air there are large conductance fluctuations even over a span 

of 10 seconds. Moreover the nature of our sample, a network of entangled thin tubes 

with holes as deep as 100 nm (Figure 6.3a) as opposed to a relatively flat surface, 

can also contribute to small fluctuations in the set point. 

 

  
 

Figure 6.3│ AFM images of a SWCNT network as a) topography and b), c), d) and e) current 

distributions after 1st, 5th, 14th and 20th consecutive scans, respectively. 

 

Guo et al.[16] suggested that large contact resistances measured between a W2C tip 

and a Au surface (from 400 MΩ to 10 GΩ) imply that the dominant transport mode is 

tunneling. This phenomenon is related to the presence of a layer of water and various 

compounds adsorbed at the surface of the tip and the sample. They showed that a 

large contact force of 150 nN is sufficient to penetrate the water and adsorbents layer, 

stabilize the electrical contact and ensure reproducible I-V curves. However, an 
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increased contact force shortens the life span of a tip even more, especially during 

scanning, which makes the pure metal coated tips (Au and Pt) unsuitable candidates. 

From this perspective W2C, PtSi and TiN are more favorable candidates due to their 

higher hardness (Table 6.1).  

I-V curves taken with W2C tips 5 weeks after their arrival showed a Schottky 

barrier type of contact with a Au substrate (Figure 6.4a), even under a large contact 

force of 150 nN (bias voltage of 0.1 V, RH = 65%). Applying a high voltage pulse of 

5 V restored the tip sensitivity only briefly, as they returned to Schottky barrier type 

of contacts within minutes. Despite their initial low resistivity, W2C tips have a limited 

shelf life that seems to depend mostly on humidity and they quickly lose their 

electrical sensitivity. Warren et al.[5] showed that after 1 week in a humidity of RH = 

60% an oxide layer of 20 and 24 Å had formed on W and WC, respectively. Since our 

samples are to be measured both in air and nitrogen atmosphere, W2C tips also 

proved unsuitable. 

 

 
 

Figure 6.4│ a) I-V curve taken with a W2C-coated tip on gold substrate with contact force of 
150 nN, showing Schottky barrier type of contact and b) examples of current fluctuation in 
time for a PtSi-coated tip on a SWCNT film (contact force of 50 nN). 

 

TiN tips showed ohmic contact with Au substrates. With SWCNT films, however, 

only 4 out of 9 tips in total showed an ohmic contact with a contact resistance as low 

as 5 MΩ (at high contact forces), 3 of the tips showed ohmic contact but with very 

high contact resistances, in the range of several GΩ, while the remaining 2 tips gave 

a Schottky barrier type of contact. Because of these large variations in behavior from 

one tip to another, TiN tips were also considered unsuitable. 
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PtSi tips gave ohmic contacts with both Au substrates and the SWCNT films, 

similar contact resistances from one tip to another and only minor current 

fluctuations in time (Figure 6.4b). Moreover, these tips also have a low resistivity, a 

reasonable hardness and the lowest curvature radius out of all tips tested (Table 4.1). 

Therefore, these tips were chosen as the most suitable and were further used for all 

for our C-AFM measurements. 

 

6.4 Selecting the contact force 
 

The contact force can have a strong influence on the contact resistance between the 

tip and the sample.[16, 17] This is either due to the penetration of the water/adsorbents 

layer at the surface of the tip and substrate, or to the increased contact area that 

results from a higher contact force. For comparison, scanning spreading resistance 

microscopy (SSRM) techniques are using contact forces higher than 1000 nN in order 

to ensure that the measured resistance is dominated by the spreading resistance and 

not by the contact resistance.[18] Bietsch et al.[17] showed that Pt-coated tips on a Au 

substrate gave a reproducible current behavior only at forces higher than 300 nN. On 

the other hand a contact force of 150 nN also proved to be sufficient in order to 

establish ohmic contact and a stable current flow between a W2C tip and a Au 

substrate.[16]  

However, Au surfaces are relatively flat compared to SWCNT films where the 

radius of the tube and not the radius of the much larger tip determines the contact 

area. Because of the nanosized contact area between the tip and SWCNTs, the tip-

tube pressure is much larger than the tip-flat surface pressure for the same contact 

force. de Pablo et al.[19] showed that, once an electrical contact is formed between the 

tip and a CNT, the current does not show a strong dependence on the contact force. 

Their study proved that, because of the nanosized contact area, a contact force of 15 

nN is already sufficient to establish electrical contact between a Au-coated tip and a 

SWCNT. Moreover, because of their small diameters when compared to the tip 

curvature radius (radius of tube 50 times lower than radius of tip), SWCNTs can easily 

cut through the thin contamination layer and are in this regard to be compared to 

sharp knives.[19] 

The PtSi tips previously chosen were used to take I-V curves with different contact 

forces on a 2 µm thick SWCNT film (deposited on a glass substrate). All the tips gave 
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an ohmic contact with the SWCNT film regardless of the contact force (example of I-

V curves in Figure 6.5a). For each contact force value, 6-10 measurements were taken 

at different locations on the sample and the average measured resistance is plotted 

in Figure 6.5b. The latter is gradually decreasing with higher contact force for all tips 

tested. This is most likely because higher forces push the tip deeper into the CNT 

network, increasing the contact area between the tip and the sample and 

consequently decreasing the contact resistance between the tip and the sample.  

 

 
 

Figure 6.5│ Results obtained for PtSi tips on a 2 µm thick SWCNT film at different contact 

forces: a) example of I-V curves and b) resistance measured at different humidities (with 
standard deviation of the mean σmean based on 6-10 measurements for each data point). *The 
tip labelled as “Used tip” was previously tested for point measurements only, but not for scans. 
The humidity influence is discussed in the next section. 

 
While I-V curves (point measurements) taken at very high contact forces, such as 

1000 nN, have a better reproducibility for SWCNT films, both the conductive coating 

of the tip and the sample would be heavily damaged if the same forces were used for 

scans as well. Moreover, the SWCNT films are particularly difficult to image using 

contact forces higher than several nN because the tubes are not fixed and can simply 

be pushed around by the tip during scans. Figure 6.6 shows that despite a seemingly 

improved electrical current distribution (due to a higher contact area), the 

topography features degrade with a higher contact force. This means that for SWCNT 

films ensuring good electrical contacts is likely to result in sample deterioration. A 

TiN-coated tip was used for this particular example (Figure 6.6) due to its high wear 

resistance; for comparison, the conductive coating on PtSi tips was completely 

brushed-off during similar measurements and no current could be measured 

anymore. 
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Figure 6.6│ Topography and current images of a SWCNT film, taken with different contact 

forces.  
 

Composite samples can handle higher contact forces due to their increased 

stability given by the polymer matrix. Consecutive scans on a composite sample were 

taken at 100 nN and 1000 nN to verify the damage done to the sample. Figure 6.7a,b 

shows that a force of 100 nN already produces visible damage to the scanned area. 

However, the main features of the sample are still recognizable. After scanning the 

same area with a force of 1000 nN, the initial sample features completely disappeared 

(Figure 6.7b, c). Figure 6.7e shows an overview image with a well-defined hole where 

the previous measurements were taken, emphasizing the damage inflicted to the 

sample by the use of high contact forces. 

Based on these results it was decided that a contact force of 50 nN should be 

sufficient to obtain comparable and reliable results in terms of current images and 

measured resistance with minimum damage to the sample and the tips. 
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Figure 6.7│ Topography images taken in contact mode of a), b), c), d) consecutive scans in 

the same area with two different contact forces and e) overview of tip damage caused in 
previously scanned area. 

 

6.5 Selecting the humidity levels 
 
Ambient conditions can have a strong influence on nanometer-scale electrical 

measurements because air contains different contaminants as well as water that 

always forms a thin layer on the surface of the sample and the tip. Because of this, 

most C-AFM measurements are done in an inert atmosphere.[4, 8, 20]  However, we 

have previously shown that our SWCNT films are highly sensitive to switching from 

ambient conditions to an inert atmosphere (Chapter 5, Figure 5.2) due to the 

associated CNT dedoping. In order to verify the effect of different conditions on the 

electrical measurements, the sample chamber was filled with nitrogen until 

humidities of ≈ 10% and ≈ 0%, respectively, were reached, implicitly changing the 

air composition inside the chamber as well. The samples were kept under these 

conditions overnight for the system to stabilize and I-V curves were then taken at the 

chosen humidity level. 



 Quantitative C-AFM  

99 

 

 
Ch

ap
te

r 6
 

 
 

Measurements taken in air (RH > 50%) show a steeper drop in measured 

resistance as a function of contact force than measurements taken at RH ≈ 10% 

(Figure 6.5b). The lower resistance values obtained for the used tip are likely due to 

a blunter tip that leads to an increased contact area. All I-V curves taken at RH ≈ 0% 

showed Schottky barrier type of contacts between the tip and the sample regardless 

of the contact force used. These I-V curves are not quantifiable and are likely caused 

by the dedoping of the SWCNTs in the absence of different contaminants/dopants 

typically present in air. The effect of air dopants/an inert atmosphere on the electrical 

properties of a SWCNT film was shown in Chapter 5, Figure 5.2.  

A humidity of RH ≈ 10% lowered the water content sufficiently to reduce the 

contact force effect on the measured resistance, but also maintained the required level 

of doping in the sample that ensures ohmic contact with the tip. This humidity was 

chosen and maintained throughout all C-AFM measurements. In order to prevent the 

remaining water from dissociation leading to oxidation of the tip or the sample, very 

low bias voltages of 150 to 150 mV were applied during the measurements (redox 

potential of pure water is 1.23 V)[14]. 

 

6.6 Results and discussion 
 

6.6.1 Quantitative C-AFM on SWCNT films 
 

These films are the reference conductive network used to determine the network 

electrical properties without the influence of a polymer matrix. C-AFM has been used 

before to determine contact resistances between the tip and individual SWCNTs as 

well as the contact resistance between two tubes or two bundles of tubes.[20, 21] 

However, when it comes to CNT networks, non-impregnated or impregnated with a 

polymer, most studies focus on imaging the conducting paths and not on quantifying 

their electrical properties.  

In general, the total measured resistance can be described by the expression:  
 

2                                                                                                     (2) 
 

where 2RC is the total contact resistance between the two electrodes (tip and 

substrate/wire) and the sample, also called two-terminal contact resistance. As 

discussed before, the contact resistance varies for different types of metal electrodes 

as well as for different types of SWCNT. This and the nanosized contact area between 
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a SWCNT and an electrode causes 2RC to vary in a range of values from several kΩ to 

several MΩ,[7-10] with metallic tubes giving the lowest values. Considering that the 

sample sheet resistance is 15 Ω/sq and that this value increases only approximately 

5-6 times after polymer impregnation (Chapter 3, Figure 3.7)[12] it is not likely that 

this change can be detected via C-AFM, making Rnetwork negligible compared to 2RC. 

The apparent contact area between the tip and the sample is orders of magnitude 

smaller than the apparent contact area between the second electrode and the sample, 

therefore RC_subs-sample becomes negligible in comparison to RC_tip-sample. The total 

measured resistance then becomes: 
 

_                                                                                                         (3) 
 

However, each SWCNT is a resistor by itself with an intrinsic resistance of 1-30 

kΩ,[22-25] values that are close to the theoretical predictions of 6.5 kΩ for ballistic 

transport.[22, 23] The contact resistances between individual SWCNTs are in the range 

of tens of kΩ to several MΩ,[8, 26, 27] due to their wide range of possible orientation-

dependent structural configurations (Chapter 1) and different electronic properties 

from semiconducting to metallic. This means that, while C-AFM might not be sensitive 

enough to determine the large-scale resistance of our sample, the technique can still 

be used to determine the nano/micro-scale local electrical properties of the sample. 

C-AFM measurements were done on the 2 µm thick SWCNT film using PtSi-coated 

tips, at RH ≈ 10% and at a contact force of 50 nN. In order to prevent tip and sample 

damage, only point measurements were taken for SWCNT films and the resistance 

was calculated based on the slope of the I-V curve. Each I-V curve was repeated two 

to three times to verify its stability and measurements were taken at 12 different 

locations on the sample at a distance of ≈ 1 mm from the Au wire.  

Figure 6.8a,b shows the distribution of the resistances measured on the 2 µm thick 

SWCNT films using two fresh PtSi tips. Both distributions are very wide with the 

larger resistance values over 100 times higher than the smaller ones (the smallest 

resistances measured were Rt min = 340-420 kΩ while the largest values measured 

were Rt max = 42-64 MΩ). Because the sample is basically a network of entangled tubes 

and ropes of aligned tubes (in a diameter range from one to several tens of nm, see 

Chapter 3) with holes as deep as 100 nm, these differences are due to a variety of 

possible contact configurations (example in Figure 6.8c). Therefore, if the tip is 



 Quantitative C-AFM  

101 

 

 
Ch

ap
te

r 6
 

 
 

contacting multiple tubes/bundles, the effective contact area is larger leading to a 

smaller contact resistance and vice versa. 

 

 
 

 

Figure 6.8│ a), b) Distribution of resistance values obtained for two fresh PtSi tips on a 2 µm 

thick network and c) schematic describing two examples of different contact configurations 
with different effective contact areas between the tip and the SWCNT film. 
 

The real contact area between the tip and the sample cannot be measured due the 

“porous” nature of the sample and is, therefore, replaced by an apparent contact area. 

In order to estimate the effect of the apparent contact area on the measured resistance 

Rt a series of flat Au-coated probes with surface areas of 0.45-12 mm2 (for probe 

diameters of d = 0.8-4 mm, examples in Figure 6.2a) were tested. Two identical 

probes for each diameter were placed on opposite sides of the 2 µm thick SWCNT 

film (Figure 6.2b) and the resistance between them was measured. Based on these 

results, an estimate of Rt = 1.1 MΩ was made for an apparent contact area of 1 nm2 

(based on a tube diameter of 1 nm) across the 2 µm thickness of the SWCNT film. 

However, the distance between the conductive tip and the Au wire used in the C-AFM 

measurements is ≈ 1 mm. Because the resistance across the network also depends on 

the distance between the two electrodes, the estimated value of 1.1 MΩ for 2 µm 
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would further increase for a distance of 1 mm between the electrodes. Therefore, two 

probes with a surface contact area of 5 mm2 were used to determine the resistance 

variation with the distance between the electrodes, along the surface of the SWCNT 

film (Figure 6.9b). Using these results, Rt ≈ 6.5 Ω can be calculated for a distance of 

2 µm between the probes. This value is very similar to the 4.3 Ω measured across the 

width of the same SWCNT film (red data point in Figure 6.9a), implying that, despite 

possible in-plane orientation due to the preparation procedure (Chapter 3, section 

3.2.1)[12], the network is still fairly isotropic. 

 

 
 

Figure 6.9│ Measured resistance Rt for a) different contact areas and b) different distances 

between electrodes measured for an apparent contact area of 5 mm2 (standard deviation of 
the population σx based on 20 and 15 measurements, respectively, for each data point). 

 

The apparent contact area is always larger than the real contact area and the 

previous experiments are susceptible to many possible errors related to contact force 

and probe alignments. Therefore, the Rt calculated based on these experiments is only 

a rough approximation. However, the estimated value of Rt = 1.1 MΩ partially verifies 

the results obtained via C-AFM for the same 2 µm thick film (Figure 6.8a, b), where 

Rt measured has values around several MΩ. These results can be used further to 

estimate and compare the contact resistance between the SWCNT film and the two 

electrodes (the tip and the Au substrate/wire). 

 

6.6.2 Quantitative C-AFM on SWCNT composites 
 

A 2 μm thick SWCNT film was impregnated with an epoxy/amine polymer (referred 

to as composite sample) and embedded in a polymer matrix for microtoming. C-AFM 

measurements were done directly at the cross-section of the bulk sample or on cut 

sections of different thicknesses.  
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6.6.2.1 Bulk composite sample 
 

The distinction between the composite areas and the pure polymer area is very clear 

in topography images as well as in phase images where the cut CNTs sticking out at 

the surface of the composite give a different roughness and phase contrast as 

compared to the embedding polymer (Figure 6.10). 

 

 
 

Figure 6.10│ Composite film ≈ 2 µm thick, embedded in a polymer matrix: a) topography and 

b) phase contrast images. 
 

All C-AFM measurements were done under the same conditions (RH ≈ 10%, 

contact force of 50 nN) as the previous measurements. Because the composite sample 

has a higher mechanical stability than the SWCNT films alone, current images were 

also taken in addition to I-V curves. The ohmic contact between the tip and the sample 

and a constant contact force ensure that reliable resistance values are obtained using 

Ohm’s law R = V/I from images as well as from the slope of the I-V curves for point 

measurements.  

Figure 6.11a shows a clear separation between the composite and the embedding 

polymer with no current gradient towards the edges, suggesting that the CNTs do not 

detach from the main film during the polymer impregnation process to diffuse into 

the polymer. The homogeneous distribution of conductive areas in the composite at 

a microscale as well as at a nanoscale (Figure 6.11b,c) also suggests a uniform 

polymer impregnation throughout the whole width of the CNT film.  
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Figure 6.11│ Current images of composite film a), b), c) at different magnifications, d), e), f) 

of individual SWCNT clusters of different current/resistance values, g), h) comparison between 
smoothened and pixelated image of a 10 nm cluster with i) resistance profile across 10 nm 
cluster and j) a schematic illustrating the transition from conductive areas to insulating areas 
and its effect on the measured current values. 
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Current maps of individual clusters show that they can have sizes from several nm 

to several tens of nm (Figure 6.11d, e, f, g). This range coincides with the diameter 

range of the CNT ropes in the initial film, confirming the presence of SWCNT ropes 

in the composite film as well. The resistance of these clusters/ropes shows different 

values independent from their size. This variation can be explained by the different 

contact configurations that the measured rope can have with the rest of the CNT 

network inside the composite. All current maps show a high resistance edge of several 

MΩ around the measured clusters. However, these maps are subjected to a default 

smoothening process. By comparing the smoothed images with the pixelated ones 

(example in Figure 6.11g, and h) we verified that the high-resistance edges are not 

an artefact, and that these edges actually confirm the transition from conductive areas 

to insulating areas, as schematically shown in Figure 6.11j. Therefore, the current 

maps can be used to calculate the resistance in different points on the sample 

(example in Figure 6.11i). 

The I-V curves taken randomly on the composite film showed the same type of 

resistance distribution as those calculated based on the current images (Figure 6.12), 

proving that the current images taken can be quantified in a reliable way. In order to 

verify the sample homogeneity in the depth as well as at the surface, a microtome 

was used to cut away thin sections from the composite, and the same measurements 

were repeated after removing at least 2 µm of material from the surface of the sample. 

The same range of values for the measured resistance was obtained in both cases, 

implying composite homogeneity at the surface as well as in the bulk.  

 

 
 

Figure 6.12│ Resistance distributions calculated based on a) current images taken at the two 
cross-cuts and b) point measurements (I-V curves). 
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The network resistance Rnetwork for the composite sample is as high as 75 Ω (≈ 5 

times higher than the initial SWCNT network) and is negligible compared to RC_tip-

sample, which is in the range of tens of kΩ to several MΩ (details in section 6.6.1). This 

means that the total resistance measured is determined by the contact resistance 

between the tip and the sample and the contact resistance between the measured 

SWCNT cluster/rope and the rest of the network. 

Because the polymer filled the gaps between the tubes, the tip is only in contact 

with the surface of the composite sample (Figure 6.13b), contrary to the SWCNT 

films, where it could penetrate deep into the network (Figure 6.8c). Consequently, 

the contact area between the tip and the composite sample is approximately constant 

and should not lead to large resistance variations on its own. Therefore, the wide 

range of resistance values is explained by the composite nature of the sample where 

the insulating polymer can significantly increase the local measured resistance. 

However, the initial SWCNT films gave a similarly wide range of resistances. This can 

only be explained by the different contact configurations between the tip and the two 

types of sample (Figure 6.13).  

 

 
 

Figure 6.13│ Schematic of contact configurations between the tip and the sample for a) a 
SWCNT film and b) the cross-section of a composite film. 

 

The tip is placed at the surface of the SWCNT film, with the contact taking place 

at the sides of the tubes/bundles, and at the cross section of the composite film, with 

contact taking place at the end part of the tubes/bundles (Figure 6.13, magnified 

boxes). This configuration has a double effect on the measured resistance. First of all, 

the contact area is larger at the end part of the tubes/bundles, where the large tip 
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can be in direct contact with multiple tubes and the effective contact area can be as 

large as the bundle diameter. When the tip is touching the side of a bundle, it can 

only be in direct contact with the tube(s) at the exterior of the bundle, resulting in a 

small contact area as compared to the bundle diameter. Secondly, when the tip is 

contacting only the edge tube(s) of the bundle, additional tube-tube contact 

resistances are required to ensure the electrical transport from one tube within the 

bundle to another. These additional resistances are not required if the tip is directly 

in contact with most/all of them. Therefore the resistances measured for the initial 

SWCNT films are not really comparable to the resistances measured for the composite 

films due to different tip-sample contact configurations. 

 

6.6.2.2 Thin composite sections  
 

Using an ultra-microtome, sections with the thickness in the range of 150-350 nm 

were cut from the composite sample and deposited on Au-coated substrates (Figure 

6.14a). The thickness of the sections was verified via height profiles taken by AFM at 

the edges of the sections (Figure 6.14b - height profile taken across black dotted line 

in Figure 6.14c). C-AFM measurement were done on these sections in the same 

manner as at the cross-section of the bulk sample. The contrast between the Au 

substrate, the composite film and the pure polymer is very clear in terms of current 

distribution (Figure 6.14c).  

Similar results were obtained for both the bulk sample as well as the cut sections 

in terms of composite homogeneity. The measured resistance values also varied from 

≈ 100 kΩ up to > 10 MΩ for all sections. However, the distribution of these values is 

different. The resistance distributions for the bulk composite sample showed a peak 

at Rt < 1 MΩ (Figure 6.12) while composite sections show a peak at Rt = 2-5 MΩ 

(Figure 6.14d, e). This difference is directly related to the thickness of the composite 

contained between the two electrodes and the SWCNT network comprised within. 
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Figure 6.14│ a) Example of thin sections of SWCNT composite embedded in a polymer with 

b) height profile across a section, c) current image, and d), e) resistance distributions for 
sections of 350 nm and 150 nm thickness, respectively. 
 

The distance between the electrodes when measuring the bulk composite sample 

is > 5 mm. In this case the total measured resistance is described by expression (2): 

	 2 . The value of Rnetwork, which is as high as 75 Ω, is negligible 

compared to 2RC which is in the range of tens of kΩ to several MΩ (details in section 

6.6.1). Since the apparent contact area between the tip and the sample is orders of 

magnitude smaller than the apparent contact area between the second electrode and 

the sample, RC_subs-sample becomes negligible in comparison to RC_tip-sample. The total 

measured resistance is therefore also described by expression (3): _ . 

When measuring thin sections, the distance between the two electrodes is equal to 

the thickness of the section between them, of about 150-350 nm, a value much 

smaller than 5 mm for the bulk composite. This should reduce Rnetwork even further, 

with expression (3) describing the total resistance for both the sections and the bulk 

composite. 

In Chapter 5, section 5.3.1.2 we described a simple model for the conductive 

network within this composite. The Unit Block (UB) was defined as a SWCNT network 
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comprised of a block with 22t µm3, where 2 m is the average full length of a tube 

and t the thickness of the SWCNT film (with 2.5×103 UBs fitting between two 

electrodes at a distance of 5 mm). This UB acts as the smallest possible network that 

can be formed without cutting the full length of the tubes. Because the length of the 

SWCNTs and the high network density make it almost impossible for a tube to have 

only one single connection, directly or indirectly, with another tube, all tubes within 

a UB are considered to be connected in parallel. Shortening the tubes reduces their 

possibility to form multiple contacts with other tubes and, therefore, upon cutting the 

tubes by sectioning, series connections become more likely than parallel ones.  

In the real sample there is no such clear/simple network arrangement within one 

UB but the length of the tubes is still the largest factor that influences the ability of a 

tube to form parallel connections. Considering that the SWCNT network has holes of 

hundreds of nanometers wide between different bundles (Figure 6.3a), it is most 

likely that the tubes within our thin sections do not have sufficient length/space to 

be representative for the overall SWCNT network. To be more precise, the sections 

are too thin to contain a typical part of a SWCNT network, with a proper 

representation of both parallel and series connections, and in a section the tubes are 

more likely to have series connections or no connections at all with other tubes. In 

this case the total resistance is actually described by: 
 

_ _                                                            (4) 
 

where n and m represent the number of tubes and tube-tube junctions, respectively, 

that form the conductive path between the tip and the second electrode. 

The contact resistance RC_tip-sample is roughly the same for sections and the bulk 

composite while the intrinsic resistance of the tubes is about 1-30 kΩ. This means that 

the resistance peaks at 2-5 MΩ for the composite (Figure 6.14d, e) are actually 

dominated by the contact resistances between the tubes forming the conductive 

paths. Because of the large variety in SWCNT electronic properties, contact 

resistances between individual tubes/bundles of tubes have been reported in a range 

of values from tens of kΩ to several MΩ,[8, 26, 27]. The polymer impregnation process, 

to which the initial SWCNT network was subjected, also created tunneling between 

the tubes/bundles by pushing them apart or even by introducing polymer between 

contacting tubes. The latter especially leads to very high contact resistances (see 
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Chapter 5, section 5.3.2.2). Because of the large range of values these tube-tube 

contact resistances can have, it is difficult to estimate how many junctions a 

conductive path contains on average. However, since resistance values as low as 100 

kΩ have been measured for the thin sections as well, a value which is roughly the 

same as RC_tip-sample (equation 3), we can conclude that there are also direct conductive 

paths created by individual tubes or bundles of tubes contacting both electrodes (tip 

and substrate). 

 

6.7 Conclusions 
 

Quantitative C-AFM is not a very common technique due to many difficulties 

encountered, from tip material wear and compatibility with the sample to 

environmental conditions and contact force used during measurements. In addition, 

the complexity of the contact configurations between the tip and the sample, the real 

contact areas and even the distance between the electrodes make it very difficult to 

compare results from different studies done on similar materials. Moreover, the 

technique still has significant limitations when low resistance samples are considered. 

Electrical characterization of materials at the nanoscale can only be achieved with 

very small contact areas between the tip and the sample which in turn comes with 

the drawback of a high contact resistance between the two. While the conductive tips 

are continuously improved with lower curvature radius, higher conductivities and 

improved hardness, the technique is still not able to quantitatively measure samples 

with resistances below several kΩ. 

We have established the suitable tools and conditions needed for reproducible and 

quantitative C-AFM measurements that can be done on SWCNT films and composite 

samples and studied the influence of different tip-sample contact configurations on 

the measured resistance. Point measurements were combined with scans and 

resistance values calculated via I-V curves were used to verify the reliability of the 

resistance values obtained via current images to ensure quantitative current maps of 

the sample. 

The high conductivity of the samples makes it impossible to measure the 

macroscale resistances of our conductive networks (either as a film or as a composite) 

using only C-AFM, as the tip-sample contact resistance is often dominating. By cutting 
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thin sections of 150-350 nm from the composite, we increased the sample resistance 

and managed to separate the tip-sample contact resistance from the sample 

resistance. However, describing a SWCNT network as a mixture of series and parallel 

connections, quantitative C-AFM on these thin sections showed that they are not 

representative for the typical, isotropic network. Despite this, the technique was 

successfully used to identify and characterize local electrical properties of s SWCNT 

composite material, such as sample homogeneity, resistance range of individual 

clusters and their electrical characteristics. 
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Conclusions and outlook 
 
 
 
 
 
 
 
 
 

The only limitation the conductivity of a polymer composite truly has  
is the conductivity of the filler network itself. 
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7.1 Overview and conclusions 
 
Electrically conductive composite materials can be used for a wide range of 

applications because they can combine the advantages of a specific polymeric 

material (e.g., mechanical properties) with the electrical properties of conductive 

filler particles. However, the overall conductivity of these composite materials is 

usually orders of magnitude below that of the filler particles alone. This is due to the 

new interfaces and interphases formed while mixing two different components, which 

can change the properties and behavior of both, but also to the nature of particle-

particle contacts. This thesis aims at characterizing and understanding the influence 

of the polymer matrix on the conductivity of its filler network as well as the effect of 

nanoscale filler properties on the macroscale conductivity of a polymer composite. 

Single-walled carbon nanotubes (SWCNTs) are used as conductive filler particles 

due to their large aspect ratios, narrow diameter distribution, high purity degrees and 

an increasing availability on the market. Epoxy/amine polymer systems are well 

known and widely used in industry as coatings, adhesives or in composite materials. 

In this thesis we have chosen Epikote 828 and Jeffamine D-230 to form the polymer 

matrix of the composite material. Electrically conductive composites are typically 

prepared by dispersing SWCNTs, directly or via intermediate steps, into a polymer. 

This generally used approach leads to inhomogeneous composites with low 

conductivities, regardless of the percolation threshold values or the amount of tubes 

in the composite. In order to ensure a uniform SWCNT network with good physical 

and electrical contacts within the polymer matrix, a different preparation approach 

based on two steps is used: 1. preparing a homogeneous SWCNT network that can be 

characterized beforehand; 2. filling the gaps between the tubes with the chosen 

polymer. This approach allows characterizing the physical and electrical properties of 

the initial SWCNT network and monitoring the changes caused by the addition of a 

polymer matrix. 

Using a macroscale in-situ resistance measurement technique, it is shown that the 

polymer impregnation process is not the only factor that affects the initial SWCNT 

network resistance. Air exposure, temperature, physical and chemical properties of 

individual polymer components and the formation of a polymeric network can all 

have an influence on the macroscale electrical properties of an existing SWCNT 

network. The results also show that using the two-step approach, the polymer alone 
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leads to a relatively small increase in the SWCNT network resistance and the 

macroscale conductivity of the final composite has the same order of magnitude as 

the initial SWCNT network. 

Tip-Enhanced Raman Mapping (TERM) performed at the bottom of a peeled-off 

composite film helps to confirm the composite’s homogeneity beyond visual 

appearances by mapping the SWCNT network underneath a thin layer of polymer. 

The results obtained using this technique also demonstrate that breaking of SWCNTs 

occurred even underneath a layer of polymer, due to the stress the sample is subjected 

to during a peeling-off process used to remove the film from a glass substrate. These 

results show that peeling-off the composite films can break the SWCNTs inside and 

damage the structural integrity of the conductive network. The process renders these 

films unreliable in terms of conductivity. Based on these results only samples not 

subjected to any mechanical stress were used to determine the polymer effect on the 

conductivity of the initial SWCNT network. 

Characterizing the composite material at the nanoscale is done with the help of a 

simple model, based on and validated by the real SWCNT networks. This model 

bridges the gap between macroscale and nanoscale down to individual tube-tube 

contacts. Combining experimental results with theoretical considerations, the model 

is used to calculate the electrical properties of the SWCNT networks, both as-prepared 

and impregnated with an epoxy-amine polymer. From the model results it is 

concluded that the main contribution to the conductivity of the network results from 

low-resistance direct contacts, regardless of the amount of SWCNTs in the composite 

or the total number of contacts. In fact, high-resistance tunnelling contacts have an 

insignificant contribution to the composite conductivity in the presence of direct 

contacts. Therefore, preparing a polymer composite as conductive as its equivalent 

SWCNT network alone is possible, but ensuring low resistance contacts in the 

network plays a key role. 

Conductive atomic force microscopy (C-AFM) is also used to characterize our 

composite materials. Systematic measurements are used to test different tips, contact 

forces and humidity levels in order to determine the most suitable conditions for 

obtaining reproducible and quantifiable C-AFM results. Quantitative conductive-AFM 

measurements are used to verify the bulk homogeneity of the composite material in 

terms of local electrical properties as opposed to the overall network properties 
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measured/calculated previously. Measurements done at the cross-section of a bulk 

composite film as well as on thin sections of it emphasize the limitations associated 

with conductive-AFM as well as its benefits.  

The combined approach of different experiments with model calculations for the 

same material proves to be fruitful in terms of linking nanoscale features down to 

individual tube-tube contacts to the macroscale electrical properties of a composite 

material. Results emphasize the limitations that come with the typical preparation 

techniques and show that with a different approach, future electrically conductive 

composite materials may reach their maximum potential, namely that of their filler 

particles only. 

 

7.2 Outlook 
 
It is in our nature to expect constant improvement, to appreciate competing 

technologies and to desire increased productivity and efficiency. Because of these 

high demands, a hybrid material with the potential to combine the best properties 

and advantages of two others is bound to be interesting for many studies and 

technologies. Against this background, electrically conductive polymer composites 

are expected to deliver flexible, transparent, scratch resistant and light-weight plastic 

conductors. These high expectations ultimately lead to equally high disappointments 

when the real composite materials do not really deliver what is required from them 

or do not perform up to their theoretical potential.  

In a similar manner, unreasonably high expectations were put on carbon 

nanotubes soon after they were discovered, in 1991.[1] These versatile one-

dimensional carbon conductors, stronger than steel at a fraction of its weight, were 

expected to change the world. However, getting a proper insight into the functionality 

of CNTs requires time and effort, just as it did for their competing materials decades 

earlier. For this reason it is required to invest the time, to gain the knowledge and to 

find the proper conditions in order to obtain the most results out of these materials, 

given a specific application.  

The results described in Chapter 3 show that approaching the preparation process 

of a SWCNT-based polymer composite from a different perspective (ensuring a well-

defined conductive network before adding the polymer matrix) can significantly 

change the material performance in terms of conductivity. In addition, understanding 
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the effect that the polymer matrix and external factors, such as temperature and air 

exposure, can have on the conductivity of an existing SWCNT network can help to 

optimize the preparation process and final performances of future composites. The 

preparation technique we used for obtaining the initial SWCNT films is not cheap, 

fast or environmentally friendly, but it allowed us to prepare homogeneous and 

reproducible SWCNT films in a wide range of thicknesses. Alternative options such as 

spray-coating, dip-coating, spin-coating, etc. are already being used to obtain CNT 

thin films on different substrates.[2] Vacuum filtration is also a very simple method 

that can be used to obtain free-standing CNT films.[3] Therefore, exploring other 

options for obtaining the initial CNT films could simplify the whole composite 

preparation and facilitate upscaling the process in the future. 

Chapter 4 raises awareness on the consequences mechanical stress can have on 

the structural integrity of the SWCNTs inside a composite material. Breaking the filler 

tubes can affect the conductivity of the overall composite material. While flexible 

electronics are a potential application for these conductive composites, it is important 

to study and determine the mechanical stress that these materials can be subjected to 

before structural damage can occur. These studies would help ensure a longer life 

and reproducible performances for the future conductive composites. 

The simple network model described in Chapter 5 provides valuable information 

about the nanoscale aspects that have a strong impact on the macroscale conductivity. 

Results emphasize that the low resistance tube-tube contacts have the biggest 

contribution to the final composite conductivity, while tunnelling contacts have a 

negligible contribution in their presence. Knowing this, one can work on eliminating 

or reducing the number of tunnelling contacts in a composite system by modifying 

the preparation process. For example, applying pressure on the SWCNT film during 

the polymer impregnation process could avoid the swelling of the CNT network, a 

phenomenon observed in our experiments. The resistance of the direct tube-tube 

contacts could also be reduced further via doping the SWCNTs,[4, 5] or by using fillers 

that exclusively give a lower contact resistance (metallic SWCNTs or MWCNTs). 

Moreover, Imholt et al.[6] showed that contacting SWCNTs can be fused together via 

microwave irradiation in vacuum, at temperatures higher than 1500 °C. While this 

study did not extend to the electrical properties of the SWCNTs, fusing the adjacent 

tubes together could ensure network stability during the polymer impregnation 
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process. However, additional studies are required to determine whether the 

resistance across fused CNT junctions is higher or lower that the resistance across 

non-fused junctions. 

In terms of characterizing electrically conductive composites via conductive 

atomic force microscopy (C-AFM), Chapter 6 emphasizes the importance of choosing 

the right parameters and conditions to obtain reproducible and quantifiable results. 

Our system is certainly not ideal for quantitative measurements due to the macroscale 

sample resistance being lower than the tip-sample contact resistances. Nevertheless, 

our results show that with the proper conditions and a suitable sample, C-AFM can 

be successfully used to obtain quantitative information about the local electrical 

properties of composite materials. This technique has the potential of being used far 

more often in the future for characterizing conductive composites. 

This thesis shows a small example of how understanding CNTs limitations, aside 

to their capabilities, can maximize their potential. The observations and conclusions 

based on this thesis can be applied to other composite materials as well, as long as 

the conductive fillers and their interactions with the polymer matrix are well 

understood. By looking at the challenges from different perspectives we can 

significantly improve the performances of electrically conductive polymer composites. 

These materials still have a story to tell in the future of electronics and materials in 

general. However, efforts into research and development are still required in order to 

enable them to do so. 
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