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Foreword

Carbon is special among the elements. Its unique electronic structure, which makes hy-

bridization possible, leads to the known variety in organic chemistry and biology. The

2s22p2 electrons can assume different configurations and form various multiple bonds. This

variety appears not only in compounds, but also in the allotropes of elemental carbon.

Carbon atoms in the sp3 hybrid state appear in diamond, and sp2 hybridized carbon is

contained in graphite, graphene, fullerenes and carbon nanotubes. In graphene, the three

sp2 electrons per carbon form planar structures of σ bonds with 120◦ bond angles. The

remaining 2p electrons on each atom combine into a delocalized π-electron system (with

electron densities concentrated in two planes above and below the atomic plane), which is

responsible for many interesting physical and chemical properties. In fullerenes and nan-

otubes, the electron system is similar, but perturbed by the curvature. These perturbations

cause the additional manifold of possibilities leading to special properties and applications.

Electric properties vary in a very wide range in carbon allotropes: from insulators (as

diamond and fullerenes) to semimetals and metals. Carbon nanotubes exhibit the whole

range among themselves, depending on geometry: they can be narrow- or wide-gap semi-

conductors, semimetals or metals. This wide range of properties is of huge advantage in

applications; however, it can cause substantial difficulties when it comes to working with

”real-life” macroscopic samples, which most of the time contain an uncontrollable amount

of each type.

Besides their fascinating properties due to reduced dimensionality which makes them the

perfect playground for physicists and chemists, these materials are always in the limelight

of new applications e.g. in molecular electronics and sensors, in biophysical applications,

and are already used as ingredients in composite materials in industrial applications. The

wide range of possible application makes nanoscience a multidisciplinary field, it forges

chemistry, physics and biology together to analyze, alter and exploit the potential of novel
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nanomaterials. In my thesis I approach this topic from the physics side but the diverse

nature of nanotubes requires to give an outlook to related sciences when it is appropriate.

The thesis was compiled around the nanotube as the material and optical spectroscopy

as the characterization method. Their relationship is not without challenges, but if we

surmount the technical difficulties it turns out that the method and the material fit together

quite well.

I start with an overview of the structure of nanotubes, showing how the most important

properties can be derived from a simple model. I explain how the metallic and semicon-

ducting behavior come about, and how these attributes manifest themselves in the optical

properties. I shortly introduce the most frequently used nanotube preparation methods and

the basic properties of the products. In the second part of the chapter I formulate the basic

concept of optical spectroscopy, and review the calculations and model considerations used

in later chapters.

Chapter 2 contains the description of the thin film preparation techniques used to pro-

duce transparent thin layers from nanotubes, and a short introduction to the characteri-

zation methods used to measure the optical, transport and structural properties of such

layers.

The results in Chapter 3 are divided into four topics. The first section introduces the

proper evaluation method of nanotube transmission spectra and demonstrates its necessity

in the analysis of the optical properties. The second section contains the comparison of

several single walled carbon nanotube samples produced by different preparation methods

or modified in some way. The comparison demonstrates the vast information which can

be extracted from the optical spectrum using detailed analysis. The next part shows the

potential of transmission spectroscopy in monitoring chemical modifications made on car-

bon nanotubes. The last section is an outlook to the field of transparent conductive layers

as a possible application of nanotubes. Here I suggest a simple but effective method to

characterize the different materials used in this field.

v



1. Introduction

1.1 Carbon nanotubes

Carbon nanotubes possess a number of unique physical and chemical properties. Their most

striking attribute is the possibility of completely different electronic behavior merely due

to a slight deviation in the structure. The potential to make metallic and semiconducting

nanosize wires from the same material pushed the nanotubes into the limelight of both basic

and applied research. In this section I introduce the structural and electronic properties of

nanotubes, and show how their intriguing features can be derived from this picture. I am

mostly concerned with the optical properties of nanotubes since it is the main topic of the

thesis.

1.1.1 The structure of carbon nanotubes.[1, 2]

Carbon nanotubes can be derived from the single graphite layer called graphene. Carbon

atoms in graphene are arranged in a honeycomb structure1 (Fig. 1.1). We can consider the

nanotubes as a rolled up piece of this graphene sheet. To do this theoretical derivation we

introduce the chiral vector (c). This vector connects two unit cells and can be described

by the base vectors (a1, a2),

c = na1 +ma2, (1.1)

where n and m are integers. Cutting the graphene sheet perpendicular to the chiral vector

through its endpoints, we get a stripe of graphene. Its sides match each other if we form a

tube. The circumference of this tube is equal to the length of the chiral vector. In addition

to the chiral vector we introduce the chiral angle (θc), which is the angle between the chiral

vector and the base vector a1. All of the nanotube structural properties: chiral angle,

diameter, translational period can be expressed by the (n,m) integers. The diameter, which

1 an equilateral triangular lattice with two atoms in the unit cell



1. Introduction 1.1. Carbon nanotubes

Fig. 1.1: Honeycomb structure of the graphene sheet. The chiral vector is constructed
by the lattice vectors a1, a2 and the (n,m) indices. c = na1 + ma2. Achiral
nanotubes correspond to the (n,n) armchair and (n,0) zig-zag directions. The
nanotube unit cell (gray rectangle) is defined by the translational vector t and
the chiral vector c.

determines important optical parameters, is:

d =
|c|
π

=
a0
π

√
n2 + nm+m2, (1.2)

where a0 = 2.49Å is the length of the base vector of the graphene lattice.

We are free to choose the (n,m) pairs, but due to the sixfold symmetry of the graphene

we get structurally different nanotubes only in the (0◦, 30◦) chiral angle range2. Although

there exists an infinite number of nanotubes in this region, we can sort them into three

groups. Most of them are chiral tubes, but there are two types of achiral tubes: the ones

with indices (n,0) and θc = 0◦ are called zig-zag tubes, and those with indices (n,n) and

θc = 30◦ are called armchair tubes.

2 Due to the sixfold symmetry we get unique nanotubes in the (0◦, 60◦) range, but the nanotubes in
(0◦, 30◦) and (30◦, 60◦) ranges differ only in the handedness of their helicity. Here we restrict ourselves to
the (0◦, 30◦) range.

2



1. Introduction 1.1. Carbon nanotubes

Fig. 1.2: a) Hexagonal Brillouin zone of graphene with the special points. b) The conse-
quence of zone folding. The Brillouin zone is quantized in the direction related
to the tube circumference (k⊥) and continuous in the direction related to the
tube axis (k∥).

1.1.2 The Brillouin zone of nanotubes

The simplest model to construct the nanotube’s Brillouin zone is the zone-folding method.

This method takes into account only the confinement effect, and neglects the contribu-

tion of curvature. The aforementioned rolling-up process is equal to the introduction of

a periodic boundary condition along the circumference. The hexagonal Brillouin zone of

graphene is shown in Fig. 1.2. Deriving the nanotube from the graphene sheet has two

main consequences. First, the size of the first Brillouin zone in the direction related to the

tube axis is determined by the translational period t (Fig. 1.1):

k∥ =
2π

t
. (1.3)

Due to the nearly infinite size of the nanotube in this direction the wave vector is continuous.

The second consequence is that the wave vector is quantized in the direction related to the

circumference (k⊥) as a result of the periodic boundary condition:

k · c = 2πl, k⊥ =
2π

|c|
l =

2

d
l, (1.4)

3



1. Introduction 1.1. Carbon nanotubes

where l has integer values : l = −q/2 + 1, . . . ,−1, 0, 1, . . . , q/2, where q is the number of

graphene unit cells in the nanotube unit cell,

q =
2 (n2 + nm+m2)

NR
, (1.5)

where N in the greatest common divisor of (n,m), and R = 3 if (n −m)/3N is integer,

and R = 1 otherwise. Thus the zone-folding method reduces the two-dimensional Brillouin

zone of graphene to q equidistantly separated parallel lines. These lines are parallel to the

direction related to the nanotube axis, and their lengths are determined by the translational

period (Figure 1.2b).

1.1.3 Tight-binding model of graphene

While the zone folding method modifies only the Brillouin zone, we can use the graphene

electronic structure to produce the nanotube band structure. The simplest model to obtain

the electronic structure is the first order tight-binding calculation. The pz electrons form

the π-bonds of graphene. We concentrate on these electrons because from the point of view

of optical spectroscopy the σ electrons deeply below the Fermi energy are irrelevant. The

π band structure of graphene is shown in Figure 1.3a. We can see that at the K-point

(1/3k1,−1/3k2) the valence and conductance bands are connected. This gives graphene its

semi-metallic behavior.

1.1.4 Metallic and semiconducting nanotubes

As we have seen in Sect. 1.1.2, the allowed k-points in the Brillouin zone are confined to

parallel lines in the zone-folding approximation. The idea of the model is that the band

structure of the nanotube is given by the graphene electronic energies along the allowed

lines (Fig. 1.3b). The length and orientation of these lines are determined by the (n,m) pair

of integers. Although this approximation is rather crude, it provides us with many useful

details about the electrical properties of nanotubes.

The most interesting property of nanotubes is that they can be metallic or semicon-

ducting merely due to the way the carbon atoms are arranged on their surface. In the

zone-folding picture this essentially different behavior depends on whether any of the al-

4



1. Introduction 1.1. Carbon nanotubes

Fig. 1.3: a) Tight-binding band structure of graphene. The conduction and valence band
cross at the K points. b) Contour plot of the graphene electronic band structure
with the allowed lines in case of the (12,3) chiral tube.

lowed k-lines cross the K-point. The allowed lines fulfill condition (1.4). Their properties are

governed by the (n,m) indices through the chiral vector c. The coordinate of the K-point

is
(
1
3
k1,−1

3
k2

)
. The condition for a nanotube to be metallic is,

K · c = 2πl =
1

3
(k1 − k2) (na1 +ma2) =

2π

3
(n−m) , (1.6)

3l = (n−m) . (1.7)

This means that one-third of the nanotubes are metallic in an ensemble which contains all

possible chiralities. (This is not the case with all growth methods, as we will see later.) In the

tubes for which (n,m) does not fulfill condition (1.7) the K-point is not allowed, therefore

we have no valence and conductance band crossing in the nanotube band structure. These

tubes have finite energy gaps and behave as semiconductors (Fig. 1.4).

Representation of the electronic structure through the density of states is very common

because it is equally understandable for scientists coming from either a physics or chemistry

background. Fig. 1.4 shows the band structure and the possible energy levels of a single

walled carbon nanotube. Depicted in this way, the analogy to chemical energy level dia-

grams is obvious. The vertical axis is the energy of the electronic states and the horizontal

5



1. Introduction 1.1. Carbon nanotubes

Fig. 1.4: Schematic band structure and density of states of different nanotubes. a) Metal-
lic nanotube: the crossing bands at the Fermi level result in finite density of
states and metallic behavior. The other non-crossing bands cause Van Hove sin-
gularities. b) Semiconducting nanotube: there are no allowed states at the Fermi
energy, the tube behaves as a semiconductor. Van Hove singularities appear at
the band minima and maxima as a result of the 1D electronic system.

axis on the DOS figures on the right is the number of allowed states having that energy.

At the flat maxima and minima in the band structure, many k values correspond to the

same energy and the number of allowed states shows an abrupt increase; these spikes are

called Van Hove singularities and are analogous to discrete molecular energy levels. This

structure is the consequence of quantum confinement of the electrons within the graphene

sheet in the radial direction. At the same time, there is a continous background in almost

the whole energy range, corresponding to the electronic states on the surface of even one

single nanotube, which behaves as a solid. This continuous background is finite at the Fermi

level for metallic tubes, where the bands cross, but the number of states is less due to the

steeper dispersion; for semiconducting tubes, there are no allowed states at the Fermi level

and the highest occupied and lowest unoccupied states are those of the first Van Hove

singularities. The distance between these two levels depends inversely on the diameter [3].

6
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Fig. 1.5: Optical conductivity spectrum of a nanotube thin film. The spectral features can
be assigned to different electronic transitions (S11, S22, M11).

1.1.5 Optical transitions in nanotubes

Nanotubes placed in an electromagnetic field absorb photons with energy corresponding to

the peaks in the joint density of states. The allowed states involved in the transition are

defined by selection rules. The symmetry of nanotubes can be described by one-dimensional

line groups [4] and the selection rules therefore depend on the polarization of the exciting

light. For light polarized along the tube axis, the transitions between states are allowed

which lie symmetrically with respect to the Fermi energy. These transitions are commonly

labeled v1 → c1, v2 → c2 etc. (for ”1st valence band level to 1st conduction band level”), or

S11, S22... for semiconductors and M11, M22... for metals. The energy sequence of the first

three transitions seen in optical spectra of most nanotubes is S11 < S22 < M11 (Fig. 1.5).

Perpendicular to the tube axis, selection rules are different, but because of preferential

absorption (antenna effect), their oscillator strength is negligible compared to the parallel

intensity.

If we plot the transition energies versus the diameter of the tubes we get the so called

Kataura plot (Fig. 1.6) [5]. Due to development in single-nanotube investigation methods

and theoretical models taking excitonic effects into account, Kataura plots have undergone

7



1. Introduction 1.1. Carbon nanotubes

Fig. 1.6: Transition energies versus nanotube diameter. Full circles represents semicon-
ducting tubes. Open circles represents metallic tubes. (from the homepage of
Prof. Shigeo Maruyama: http://www.photon.t-u-tokyo.ac.jp/∼ maruyama)

tremendous improvement in the last few years. The simple plot shown here, however, is

still used to gain an intuitive picture about the excitation profile of our sample if we know

the diameter distribution.

1.1.6 Corrections to the zone-folding picture

Curvature effects

In the zone folding picture the nanotube is nothing else than a stripe of graphene concerning

electronic states3. Obviously this model cannot predict all physical properties of nanotubes.

The main difference between the nanotubes and the zone folding model system is the

curvature. The simplest method to introduce the curvature into the nearest-neighbor tight-

binding calculation is to allow changes in the nearest neighbor distances.

3 apart from the edge states

8



1. Introduction 1.1. Carbon nanotubes

Secondary gap The condition for metallic behavior (an allowed line crosses the K-point

of the graphene band structure) is sensitive to changes in the electronic structure. Therefore

we expect fundamental differences in the case of metallic tubes due to the curvature. The

different bond lengths invoke the shift of the Fermi point with respect to the graphene

K-point. Since the allowed k-lines of the nanotubes are unchanged, we expect that it might

not cross the new Fermi point. If we use the linear approximation of the dispersion relation

in the vicinity of the Fermi point, we get a simple relation between the energy of the gap

and the (n,m) indices [6].

Eg =
γ0π

2

8c5
(n−m)(2n2 + 5nm+ 2m2), (1.8)

where γ0 is the tight binding transfer integral. We can see that only the armchair nanotubes

(n=m) remain metallic, in this case the shift of the Fermi point occurs along the allowed

k-line. In zig-zag and chiral ’metallic’ tubes a secondary gap opens at the Fermi level. The

energy of this gap is predicted of the order of 10 meV. The presence of this gap was verified

by STM measurements, and it is also observed that armchair nanotubes preserve their

metallic behavior [7]. I will investigate this behavior thoroughly in chapter 3.2.4.

Rehybridization Another consequence of the curvature is the rehybridization of the π

and σ states. It can change dramatically the electronic structure of nanotubes, especially

the small diameter ones. Without curvature the π and σ states are orthogonal to each other

and thus cannot be mixed [8]. In the curved system the overlap is nonzero and the mixed

states repel each other: the σ∗ state shifts upward and the π∗ downward in energy. This shift

increases with decreasing diameter. In the case of small diameter (<1nm) semiconducting

nanotubes the π∗ band can slide into the bandgap and in some cases it can even overlap

with the valence band and make the nanotube metallic [9, 10].

The chemical picture for the distortion of nanotubes is based on the geometrical strain

on the sp2 carbon atoms: pyramidalization and π-orbital misalignment [11]. Briefly, pyra-

midalization is the deviation of the σ-bonds from planar, whereas π-orbital misalignment

is the deviation of the pz electrons from parallel, and therefore the π-electron system from

planar. In fullerenes, pyramidalization is the main driving force for chemical reactions, but

9



1. Introduction 1.1. Carbon nanotubes

on the sidewalls of nanotubes where curvature occurs only in one direction, both effects

are substantial. I will discuss it in more detail in the 3.3.2 section.

Effects of bundling

The nanotubes usually form bundles which are hexagonal packs of tubes with similar diam-

eters. The bundle is kept together by weak interactions between the tubes. To investigate

the properties of isolated tubes these bundles have to be exfoliated. This can be done by

ultrasonication in solvent in the presence of surfactant [12, 13]. Nanotubes in bundles show

different properties than the individual ones due to tube-tube interactions.

Pseudogap We saw in the previous paragraph that because of curvature effects only

armchair nanotubes remain metallic. These nanotubes with (n,n) indices have n mirror

planes containing the tube axes. If these tubes are part of a bundle their symmetry is

reduced because they lost some (or all) of the aforementioned mirror planes. Calculations

showed that the density of states for the whole rope remains finite with a buckling at the

Fermi-energy (EF ) [14, 15, 16, 17]. STM measurements verify this buckling of the Fermi

surface for nanotube bundles [7]. The joint density of states constructed for the rope was

found to be zero at small energies, therefore we expect a gaplike behavior in the optical

properties [14]. An energy gap of the order of 0.1 eV was seen for metallic tubes in a

bundle by STM, but optical spectroscopy [18, 19] failed to detect a gap or pseudogap of

this magnitude.

Electronic transitions Besides the above discussed pseudogap in armchair nanotubes

bundling modifies the band structure of all types of nanotubes. The reduced symmetry

invokes band repulsion and shifting, and intertube interactions broaden the Van Hove

singularities. Calculations predict the shifting of the Van Hove singularities toward the

Fermi level and the broadening of the electronic transition energies [15]. Fluorescence and

resonant Raman measurements have verified these predictions [13, 20].

10
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1.1.7 Excitons in nanotubes

Excitons are photoexcited electron-hole pairs bound by Coulomb interaction. They are

common in semiconducting materials. In the case of metals the Coulomb interaction is

screened by the conduction electrons. The exciton binding energy can be calculated by a

hydrogen-like model with reduced effective mass and dielectric constant. In 3D materials

the binding energy is on the order of 10 meV, therefore it is observable only at low tem-

peratures. In nanotubes, due to the 1D electronic structure, the electron-hole interaction

becomes significant, thus the binding energy can be on the order of 0.1eV and consequently

detectable at room temperature. The exciton state and binding energy cannot be treated

in a single-particle picture.

Excitons in the optics of nanotubes play an important role. The transition energies ob-

served with optical techniques correspond to excitonic states. The transition energies are

overestimated by single-particle model calculations. For more accurate data the calcula-

tions have to take into account many-body interactions. The excitonic picture also plays

an important role in the interpretation of Raman and photoluminescence measurements.

For optical studies of networks and when comparing measurements done under controlled

conditions e.g. to determine the effect of modification, the single-particle picture often

suffices.

1.1.8 Carbon nanotube growing methods

Although the theoretical derivation of carbon nanotubes is based on the rolling up of a

single layer graphene, real samples are produced by growing. The nanotubes grow from

atomic carbon, so the first step in every case is the decomposition of a carbon source.

This can be done chemically or using high temperature produced by electric arc or laser

pulses. The different methods combined with different materials and reaction parameters

produce various types of nanotube samples. They can differ in their purity, length, diameter

distribution and even in the semiconducting/metallic ratio. I introduce here the three main

techniques used in nanotube production.
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Arc discharge method

The first nanotube sample was a mixture of double- and multiwalled tubes [21] made by arc

discharge. The nanotubes are produced in a high current electric arc between two graphite

electrodes. The arc evaporates the graphite electrode into atomic carbon which reassem-

bles and forms nanotubes. With pure graphite electrodes only double- and multiwalled

nanotubes can be produced. Mixing the graphite with metal catalyst particles (iron, cobalt

or nickel) produces single walled nanotubes in a wide diameter range [22, 23, 24].

Laser ablation

Soon after the arc discharge, the laser vaporization method was introduced [25, 26, 27]. In

this case the formation of the nanotube also takes place in a high temperature environment.

In the laser ablation method the graphite target (mixed with small amount of catalyst ∼

1% Ni,Co) is heated up to 1200◦C in an oven flushed with inert gas. High intensity laser

pulses are used to evaporate the graphite target and produce atomic carbon. The vaporized

product condensates outside the oven on a cold collector. The mat contains high quality

but highly bundled single walled nanotubes with 1.4 nm average diameter.

Chemical vapor deposition (CVD)

Chemical vapor deposition was the next major advancement in carbon nanotube production

and proved to be extremely flexible and variable to produce several kinds of nanotubes

varying in diameter, diameter distribution, orientation and chirality. This method based

on the chemical decomposition of a gas phase carbon source (CO2, acetylene, etc.). The

reaction is often helped by a catalyst in which case it is termed catalytic chemical vapor

deposition (CCVD). By varying the concentration of the initial gas, the method can be used

either to precipitate very few nanotubes to be used for individual observation or single-

nanotube devices [28] or to scale up production to industry scale [29]. The latter method,

called HiPCo for high-pressure catalytic decomposition of carbon monoxide, is still the most

popular one yielding the highest amounts of nanotubes. The modification of the carbon

monoxide CVD process using cobalt-molybdenum bimetallic catalysts and therefore termed

CoMoCat produces nanotubes with extremely narrow diameter and chirality distribution.

The distribution can be influenced by the reaction parameters [30].

12
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1.2 Transmission spectroscopy

The goal of optical spectroscopy is to determine the properties of the investigated sam-

ple based on the interaction with electromagnetic radiation. The optical properties of the

sample are determined on one hand by the microscopic properties of the constituting mate-

rials, and on the other hand by their macroscopic structure like shape, thickness etc. With

transmission spectroscopy we measure the combination of both. To separate the different

contributions we have to use model considerations. In the following sections I introduce

simple models for the microscopic and macroscopic properties of solid state samples.

1.2.1 Interaction of light with matter [31]

Before we formulate a model for the optical properties of solids, we discuss the interaction of

light with matter. At optical frequencies the wavelength of the light (100nm-1mm) is much

larger than the atomic distances thus both matter and light can be treated classically. In

such case the solid can be considered a dielectric continuum, without microscopic structure,

and the propagation of the light can be described by Maxwell’s equations. In vacuum these

equations have the following form:

∇ ·B = 0, ∇× E+ ∂B
∂t

= 0,

∇ · E = ρ
ϵ0
, ∇×B− µ0ϵ0

∂E
∂t

= µ0J.

(1.9)

The presence of the medium can be taken into account with the following considera-

tions. When we apply an external field to the sample the positively and negatively charged

components move in opposite directions and create dipole moments. These charged com-

ponents can be free electrons, holes, bound electrons, impurities etc. Their contribution

can be summarized in the polarization (P) which is the electric dipole moment per unit

volume:

P(r) =
1

Vu

∑
i

Niqiui, (1.10)

where ui is the displacement of the i-type constituent with qi charge. Ni is the number

of type i components in the unit cell (Vu). The polarization is invoked by the electric
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field, thus their relation can be expressed by the terms of power series in E. We consider

only the linear term, that is appropriate in the case of normally available electric fields

(E < 104 V/cm).

P = ϵ0χeE, (1.11)

where χe is the dielectric susceptibility that describes the response of the material. The

external field creates a spatially varying charge distribution. This induced charge density

(ρind) can be expressed by the divergence of the polarization:

ρind = −∇P (1.12)

this modifies the related Maxwell’s equation. The total charge density ρ can be separated

into two parts (ρ = ρext + ρind). In the absence of external charges (ρext = 0) this gives a

relation between the field and the polarization:

∇E = − 1

ϵ0
∇P. (1.13)

It is appropriate to introduce a new field (D), since P ∝ E; the electric displacement,

D = ϵ0E+P = ϵE = ϵ0ϵrE, (1.14)

where ϵr is the relative dielectric constant

ϵr = 1 + χ, (1.15)

ϵr contains the same information as χ. Similar connections can be es-

tablished between the magnetic field (H) and magnetic induction (B):

B = µ0µrH = µ0(1 + χm)H = µ0(H+M), where χm is the magnetic susceptibility,

µr is the relative magnetic permeability, and M = χmH is the magnetization. In the

following we assume that the material is nonmagnetic µr = 1 and the optical prop-

erties are governed by the dielectric susceptibility (χe). Besides the charges, also the

currents are modified by the presence of matter. J can be separated into three parts

J = Jext + Jcond + Jbound. We discuss the case when the external current is zero (Jext = 0).

14
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The conduction current (Jcond) contains the contribution of the free carriers, that can be

directly related to the applied electric field via Ohm’s law.

Jcond = σE, (1.16)

where σ is the conductivity of the material. The bound current density (Jbound) is related

to the time dependent polarization (∂P/∂t) or to the spatially dependent magnetization

(∇×M). With these considerations we can formulate Maxwell’s equations in the presence

of matter:

∇ ·B = 0, ∇× E+ ∂B
∂t

= 0,

∇ ·D = ρext, ∇×H− ∂D
∂t

= Jcond.

(1.17)

In the absence of external current and charges, and assuming harmonic time dependence

(∂D/∂t = −iωD) we can write:

∇×H = −iωϵE+ σ1E = −iωϵ̂E (1.18)

where ϵ̂ is the complex dielectric function (ˆrefers to the complex quantity):

ϵ̂ = ϵ+ i
σ

ω
= ϵ1 + iϵ2 (1.19)

in an analogous way we can define the complex conductivity (σ̂) and the general Ohm’s

law: J = σ̂E, and the relation between σ̂ and ϵ̂:

ϵ̂ = 1 + i
σ̂

ω
(1.20)

Besides the reversal of the real and imaginary parts the two quantities differ in the behavior

in the ω → 0 and ω → ∞ limit. In most cases we use the real part of the conductivity (σ),

because it is in a simple relation with the absorption coefficient (1.26).

With the combination of Maxwell’s equations we can formulate the wave equations, that

describe the propagation of electromagnetic waves in the medium. The wave equation for
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the electric field (a similar equation can be derived for the magnetic part):

∇2E− µ0ϵ0ϵr
∂2E

∂t2
− µ0σ

∂E

∂t
= 0. (1.21)

Assuming harmonic time and spatial dependence (E(r, t) = E0e
i(q·r−ωt)) we get the disper-

sion relation between the frequency (ω) and the wavevector (q):

q =
ω

c

[
ϵr + i

σ

ϵ0ω

]1/2
nq, (1.22)

where nq is the unit vector in the direction of q. Now we can introduce the complex index

of refraction N̂ = n+ ik by the definition:

N̂ =

[
ϵr + i

σ

ϵ0ω

]1/2
=

√
ϵr. (1.23)

This simplifies the dispersion relation:

q =
ω

c
N̂nq. (1.24)

Substituting this formula into the equation of the harmonic field we get a self-explanatory

picture about the function of the complex index of refraction.

E(r, t) = E0 exp
[
iω

(n
c
nq · r− t

)]
exp

[
−ωk

c
nq · r

]
. (1.25)

The first exponential describes a plane wave, it differs from the vacuum case in the speed of

propagation. The phase velocity of this wave is scaled down by the real part of the index of

refraction to c/n. The second exponential stands for the absorption, it attenuates in time

and space. The absorption is formulated using the intensity (I = |E|2) instead of the field

strength. The absorption coefficient is per definitionem the distance in which the intensity

decreases by the factor of 1/e.

α = −1

I

dI

dr
=

2kω

c
=

σ

ϵ0nc
, (1.26)
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so the attenuation is governed by the imaginary part of the index of refraction. This is

not a fundamental materials parameter, but it is widely used for optical characterization

because it is easy to measure and simple to understand.

1.2.2 Optical properties of solids

We have seen that the optical properties can be described by the susceptibility (or equiv-

alently by the dielectric function) within the framework of linear response theory. In this

section I formulate the basic relations between the response functions and the material’s

microscopic parameters like the density of states. The purpose is to show how the unique

electronic structure of nanotubes determines the optical spectrum.

Simple model of the dielectric function [32]

To calculate the dielectric function from the microscopic parameters is often tedious or

even impossible. In many cases it is advised to use a model dielectric function and fit

its parameters to the particular case. In the case of nanotubes we take into account the

following contributions:

• free carriers - electrons in the metallic nanotubes, or holes in doped semiconducting

species;

• excitation through the low energy gap - in non-armchair metallic tubes the curvature

induces a gap in the 10 meV range;

• transitions between Van Hove singularities - the energy of these transitions can vary

from the mid-infrared to the ultraviolet;

• transition from the π to π∗ band - this can be found in every carbon based delocalized

π electron system. This is a broad excitation in the ultraviolet but it has a contribution

even in the mid-infrared.

Obviously missing are the vibrational peaks in the mid-infrared. These excitations are

usually measured by Raman spectroscopy because in the transmission spectrum they have

just a weak contribution due to undiscovered reasons. It seems to be difficult to describe all

of these excitations, but it turns out that a simple model does the work quite successfully.
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The starting point of this model is a damped harmonic oscillator driven by the harmonic

electric field:

mẍ+mγẋ+mω2
0x = eEe−iωt (1.27)

where m is the mass, e is the charge, γ is the damping and ω0 is the eigenfrequency of the

oscillator. A particular solution of this equation is x = x0 exp(−iωt). Substituting this into

(1.27) we get

x =
e

m

E1e
−iωt

ω2
0 − ω2 − iωγ

. (1.28)

If we have n such oscillators in the unit volume, the polarization is

P = nex (1.29)

and the relation between the electric field and the polarization (P = ϵ0χeE = ϵ0(ϵ− 1)E)

gives us the dielectric function of the oscillator

ϵ(ω) = 1 +
ne2

mϵ0

1

ω2
0 − ω2 − iωγ

(1.30)

In real systems the higher lying excitations also contribute to the susceptibility. This ad-

ditional part can be considered as a constant (χ∞) in sufficiently low frequency regions

.

ϵ(ω) = 1 + χ∞ +
ne2

mϵ0

1

ω2
0 − ω2 − iωγ

= ϵ∞ +
ω2
p

ω2
0 − ω2 − iωγ

(1.31)

where ωp refers to the plasma frequency

ωp =

√
ne2

ϵ0m
(1.32)

This so called Drude-Lorentz dielectric function can be further generalized to the case of

many oscillators

ϵ(ω) = ϵ∞ +
∑
j

ω2
pj

ω2
0j − ω2 − iωγj

(1.33)

We have to make one minor modification to be able to fit all the possible excitation de-

scribed in the list at the beginning of this section. The free carrier excitation has zero

eigenfrequency, to take it into account properly we can separate the first part of the sum
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and set ω01 to zero.

ϵ(ω) = ϵ∞ −
ω2
p1

ω2 + iωγ1
+

N∑
j=2

ω2
pj

ω2
0j − ω2 − iωγj

(1.34)

With this model dielectric function we can fit the contribution of simple excitations de-

scribed in the list at the beginning of this section. Complicated excitations like transitions

coupled to free carriers (Fano resonance) are out of the range of this simple model.

Dielectric function and joint density of states [33]

At sufficiently high photon energies we can induce transitions between states in different

bands, these are called interband transitions. Within the tight binding picture these tran-

sitions occur between the occupied and unoccupied states of the constituting atoms, which

form broadened bands due to overlapping wavefunctions. Due to the one dimensional struc-

ture of nanotubes the density of states resembles more the discrete structure of molecular

energy levels than a broad band structure. In the following we will see how the density of

states determines the optical properties. I show only the frame of the derivation; the details

can be found in most solid state physics textbooks.

We can use quantum mechanical description of the system to establish the connection

between the dielectric function (ϵ(ω)) and the electronic states. As in the previous section we

assume that the wavelength of the exciting light is large compared to the atomic distances,

thus the spatial dependence can be neglected during the calculation. We can formulate the

Hamiltonian of the interaction using the momentum operator and the vector potential of

the radiation:

H′ = − e

m
pA (1.35)

The corresponding wave functions can be calculated using first order perturbation theory.

The electromagnetic radiation induces transitions between electronic states, the probability

of such transitions per unit of time is defined by the golden rule of quantum mechanics:

Pfi =
2π

~2
∣∣H ′

fi

∣∣2 δ(ωfi − ω), (1.36)
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where f and i refers to the final and initial state of the transition, and ωfi is the energy

difference between the states in ~ units. For the calculation of the matrix elements we use

the dipole approximation (A → A0) which yields:

H′
fi = −eA0

m
pfi (1.37)

where pfi = ⟨f |p| i⟩ are the momentum matrix elements. We can utilize the connec-

tion between the intensity (I(ω)) of the electromagnetic rdiation and the vector potential:

(I(ω) = N̂A2
0ϵ0cω

2), where N̂ is the refractive index. The absolute square of the matrix

elements of the perturbation become:

∣∣H ′
fi

∣∣2 = |⟨f |H′
fi| i⟩|2 =

e2I(ω) |pfi|2

m2ϵ0cω2N̂
(1.38)

The probability of the absorbed energy per unit time (1.36) per unit volume (V ) can be

related to the absorbtion coefficient (1.26):

α(ω) =
2π

V

e2 |pfi|2

m2ϵ0cωN̂
δ(~ωfi − ~ω) (1.39)

If there are several states in the vicinity of the initial and final states, a summation is

required over all states with the same energy difference. This is for example the case

for transitions between two energy bands in semiconductors or between two Van Hove

singularities in nanotubes. This summation can be handled using the joint density of states

(σCV (ω)).

σCV (ω) =
V

4π3

∫
δ [~ωC(k)− ~ωV (k)− ~ω] d3k (1.40)

using this we can rewrite (1.39):

α(ω) =
2π

V

e2 |pfi|2

m2ϵ0cωN̂
σCV (ω) (1.41)

To gain more insight into the meaning of the joint density of states we can rewrite (1.40)

in an equivalent form:

σCV (ω) =
V

4π3

∫
~ω=~ωC−~ωV

dSE

|∇k [~ωC(k)− ~ωV (k)]|
(1.42)
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The joint density of states and thus the absorption is high when the denominator vanishes

in (1.42). This is the case for transition between Van Hove singularities. The transition

momentum matrix elements (pCV ) depend weakly on the energy thus the absorption curve

is determined mainly by the joint density of states. Despite the weak energy dependence

(pCV ) plays an important role in the optical properties. Only those transitions are visible

in the spectrum which have nonzero transition matrix element. This can be determined

using symmetry considerations and in the case of nanotubes call forth the selection rules

which allow only symmetric transitions between the Van Hove singularities.[4]

1.2.3 Single layer model of nanotube thin films [31]

In the previous section we considered the medium to be infinite in every direction. To

investigate the optical properties of real systems we have to take into account the effect of

surfaces. The transmission measurements were done on self supporting thin films. These

systems can be approximated by a single layer model. The model considers the sample as a

thin layer with parallel surfaces surrounded by vacuum. The new phenomena with respect

to the infinite case come from the vacuum-sample interfaces.

Fig. 1.7: Reflection and transmission at the interface of two materials with different re-
fractive index (Ni, Nj).
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Fresnel coefficients for a single interface

As the electromagnetic wave reaches the sample’s surface a portion of the wave is reflected

and the rest is transmitted (1.7). This situation can be handled using the Fresnel equations.

These relations determine the transmission and reflection coefficients, as the percentage of

the transmitted and reflected intensity compared to the incoming light. The coefficients

can be derived using Maxwell’s equations with proper boundary conditions at the interface.

In the following we restrict ourselves to normal incidence configuration. In this case the

coefficients for ”s” and ”p” polarization are identical.

rij =
N̂i − N̂j

N̂i + N̂j

(1.43)

tij =
2N̂i

N̂i + N̂j

(1.44)

Transmission coefficients for a single layer in vacuum

Our model system contains a layer with finite thickness (d), and parallel surfaces sur-

rounded by vacuum (Figure 1.8). This model contains two interfaces which can be taken

into account by the Fresnel coefficients introduced in the previous section. The incident

light at the first interface can be transmitted or reflected. We are concerned only with

the transmitted part, because we are interested in transmission measurements. Inside the

sample, the intensity of the transmitted light decreases according to the absorption co-

efficient. At the next sample-vacuum interface the intensity splits again into a reflected

and a transmitted part. At first approximation we measure this transmitted intensity with

transmission spectroscopy, but if we go into the details we get additional contributions due

to the multiple reflections inside the sample.

We can formulate the described situation with the following expressions.

t = t12 · y · t21 (1.45)
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where t12 is the portion of the light entering into the sample, t21 the portion which exits

from the sample at the second interface. y describes the situation inside the sample.

y = eiδ + yr21e
iδr21e

iδ → y =
eiδ

1− ei2δr21r21
(1.46)

where (δ = 2πν∗dN̂2) stands for the phase shift and attenuation during the propagation

through the layer. N̂2 = n2 + ik2 is the refractive index of the layer, d is the thickness (in

cm units) and ν∗ is the wavenumber (cm−1). The first part describes the attenuation of

the light as it goes through the sample, the second part refers to the internal reflections:

r21 - reflection at the second interface, (eiδ) - propagation back to the first interface, r21

- reflection back to the sample at the first interface - (eiδ) propagation from the first

interface to the second. With the rearrangement of the equation we get an expression for

y. Substituting this into (1.45) we get the formula for the transmission of the single layer

sample:

t =
eiδt12t21

1− ei2δr12r12
=

eiδ(1− r12)(1 + r12)

(1− eiδr12)(1 + eiδr12)
(1.47)

Fig. 1.8: Multiple reflections at the sample (2) vacuum (1) interfaces, and their contribu-
tion to reflection and transmission.
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In our case the sample is surrounded by vacuum (N̂1 = 1 + i0):

r12 =
1− N̂2

1 + N̂2

→ t =
4N̂2

(1 + N̂2)2e−iδ − (1− N̂2)2eiδ
(1.48)

The transmission (T) measured by the spectrometer is the square of the absolute value of

the transmission coefficient (t).

T = |t|2 , t = |t| eiϕ, → t =
√
Teiϕ =

4N̂2

(1 + N̂2)2e−iδ − (1− N̂2)2eiδ
(1.49)

With this relation we can calculate the refractive index from the transmission coefficient.

With transmission measurements we can determine the absolute value of t but for the

calculation two pieces of information are needed. One is the thickness of the sample which

can be determined experimentally and I will discuss it in section 2.4. The other is the

phase of the transmission coefficient which is experimentally unattainable but under specific

conditions it can be calculated from the transmission data. In the next section I discuss

this possibility.

1.2.4 Kramers - Kronig relations [31]

In section 1.2.1 I introduced the dielectric susceptibility as the connection between the

electric field and the polarization. This quantity describes the response of the material to

the external perturbation, and can be treated within the framework of the linear response

theory. The response functions are complex quantities; using general considerations such

as causality, important relations can be derived between their real and imaginary parts.

These relations have an important role not only in theory but in practice as well. The

measurements of the optical properties are restricted to real functions like reflection or

transmission, but if we have access to the data in a wide spectral range the Kramers-

Kronig relations can be used to calculate the complex functions.

In this section I derive the basic properties of response functions and show how this can

be applied to the optical functions in the single layer model. The response of the system
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(X) at time t and position r to an external field f at another time and position (t′ is: r′).

X(r, t) =

∫ ∫ ∞

−∞
G(r, r′, t, t′)f(r′, t′)dr′dt, (1.50)

where,G(r, r′, t, t′) is the response function, and can be the conductivity, dielectric constant,

susceptibility or any other optical function like the refractive index. We assume that the

response depends only on the time difference (t − t′), and concentrate only on the time

dependence:

X(t) =

∫ ∞

∞
G(t− t′)f(t′)dt′. (1.51)

We consider a causal system, which means the response can not happens earlier than the

stimulus (G(t-t’)=0 for t<t’). It is more convenient to do the subsequent analysis in the

Fourier space. After the transformation the convolution is simplified to a simple product

in frequency space:

X(ω) = G(ω)f(ω), (1.52)

where the complex quantity G(ω) is the frequency dependent response function. In order

to utilize the full potential of complex analysis we extend the response function to complex

frequencies (ω → ω = ω1 + iω2). The causality limits G(ω) to the upper half frequency

plane. We suppose G(ω) to be analytic (no poles in the upper half plane) and use Cauchy’s

theorem: ∮
C

G(ω)

ω′ − ω0

dω′ = 0, (1.53)

where the integral is taken over the closed path C (Fig. 1.9). Due to the properties of the

response function (G(ω) → 0 as ω → ∞) the integral vanishes over the large semicircle.

The integral over the small semicircle (with infinitesimally small radius) can be evaluated

using the Cauchy integral formula:

lim
ν→0

∮
ν

G(ω′)

ω′ − ω0

dω′ = −iπG(ω0). (1.54)

Cauchy’s integral theorem states that the integral over the closed path (with no poles

inside) has to be zero. The contribution of the large semicircle is zero, thus the principal

value integral over the real axis (excluding the small vicinity of ω0) has to be equal with
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Fig. 1.9: The integration path used for (1.53). The radius of the semicircle is infinite. The
path does not enclose the pole so the integration along this path is zero.

opposing sign to the integral over the small semicircle. Therefore we get:

G(ω) =
1

iπ
P

∫ ∞

∞

G(ω′)

ω′ − ω
. (1.55)

G is a complex function and can be separated into real and imaginary parts (G = G1+iG2).

This separation can also be done to the previous equation, and results the relations between

the real and imaginary parts of the response function:

G1(ω) =
1

π
P

∫ ∞

∞

G2(ω
′)

ω′ − ω
. (1.56)

G2(ω) = − 1

π
P

∫ ∞

∞

G1(ω
′)

ω′ − ω
. (1.57)

These are the so called Kramers-Kronig equations. Their practical relevance is that if we

know either the real or the imaginary part of the response function in a wide frequency

range, the other part can be calculated. This gives us the possibility to fully characterize the

material and reveal information which was hidden in the unprocessed data. This calculation

is widely used to determine the complex index of refraction from reflectivity measurements,

or in any case when only one part or just the absolute value of the response function is

measured. In the following we apply these calculations to the transmission measurements on

single layer samples. In the previous section I showed how the complex index of refraction
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and the geometry determines the transmission coefficient of the model system. Our goal

is to deduct the material related functions from the measured data. With transmission

spectroscopy only the absolute value of this complex function can be measured, but the

missing phase information can be determined using wide range measurements and a proper

Kramers-Kronig calculation.

Kramers - Kronig relations for single layer transmission

Our starting point is the previously derived equation (1.49), which gives us the relation

between the complex index of refraction and the transmission coefficient.

t =
√
Teiϕ =

4N̂2

(1 + N̂2)2e−iδ − (1− N̂2)2eiδ
. (1.58)

Let us assume that the transmission data are available in a wide spectral region. To for-

mulate a Kramers-Kronig like relation between the square root of the absolute value
√
T

and the phase ϕ we have to transform (1.58). Our generalized response function will be the

logarithm of the transmission coefficient so the real part will be the logarithm of
√
T and

the imaginary part will be the phase.

G(ν∗) = ln t(ν∗) = ln
√
T + iϕ, (1.59)

where ν∗ refers to the frequency in wavenumbers (cm−1). We can perform a similar deriva-

tion to the previous section and get the relation between the measured transmission and

the phase of the transmission coefficient (the detailed derivation can be found in Appendix

A).

ϕ(ν∗
0) = 2πdν∗

0 −
2ν∗

0

π

∫ +∞

0

ln (
√

T (ν∗)/
√

T (ν∗
0))

ν∗2 − ν∗2
0

dν∗. (1.60)

This expression is similar to the one constructed in the previous section. The difference

is the additional part besides the integration. The meaning of ϕ is the phase difference

between free propagation and the case when we put the sample in the path of the light.

The additional term (2πdν∗
0) stands for the phase change which eventually occurs as the

light travels distance d in vacuum. The second term gives us the phase change while the

light goes through the sample. The difference is the phase change due to presence of the
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1. Introduction 1.2. Transmission spectroscopy

matter. To be able to use this equation we have to measure the transmission in a wide

range4 and the thickness of the sample. Knowing the phase we can define the complex

index of refraction from (1.58) and construct the optical functions of the sample like the

optical conductivity.

4 and possibly use extrapolations to zero and infinite wavenumbers.
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2. Materials and Methods

In this chapter I show the experimental techniques I used during my work. A variety of

tricks have to be used to get from nanotube powders to the determination of the optical

functions. Nanotubes in their most common form are black powders. To do the optical

characterization we have to make transparent thin layers from these samples. The first

section deals with this issue, then I introduce the basics of spectroscopic techniques used to

measure the layers in wide frequency range. For further characterization usually the optical

conductivity is needed. In order to perform the Kramers-Kronig calculation described in

the previous chapter we have to determine the thickness of the layers. In the third section

I briefly describe the thickness measurement using atomic force microscopy. In the last

chapter I show a simple way to investigate the DC conductivity of the nanotube layers.

The implementation and improvement of these methods was a crucial point of my work.

The main issue in nanotube research is often the sample preparation, the most frequently

asked question during my work was: How can I prepare measurable samples from the

starting materials?

2.1 Thin film preparation

The main attribute of the nanotubes is their high aspect ratio, which on one hand makes

them perfect candidates to build nano sized electric circuits or to use them in composites,

but it is highly disadvantageous in respect of chemical applications and sample processing.

Most of the chemical reactions and sample preparations are solution based methods. The

high molecular weight combined with the inert nature makes the nanotubes insoluble in

almost every type of solvent. To increase the solubility we have to improve the interaction

between the nanotube and the solvent molecules. This can be done by functionalization or

with surfactants. The surfactant molecules often contain polar head groups which ensure

for the interaction with polar solvents. The other part of the surfactant is usually an apolar
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tail or a molecular unit with conjugated π electron systems. In the latter case the inter-

action is based on the π − π stacking, on the other hand the molecules with long apolar

chains bind to the tubes by wrapping around them. The most commonly used materials in

nanotube solubilization are sodium dodecyl sulfate, natrium cholate and Triton X. Besides

the improvement of the interaction the other key issue is the debundling of the nanotubes,

which is done usually by ultrasonication. Without ultrasonication we only get large bundles

covered with surfactants. The mass of the bundles is so large with respect to their surface

that the attached surfactants cannot keep them in the solvent, and they subside at the

bottom of the flask. However, without surfactant, after the ultrasonication the individual-

ized tubes start to form bundles again. To make stable suspensions we have to use both

methods. In the presence of surfactants, the nanotubes covered by these molecules cannot

stick together and the individualized tubes and small bundles remain in the suspension.

To get more homogeneous suspensions after the ultrasonication we leave the samples for

sedimentation and use only the supernatant for further processing. To make transparent

layers from the suspension we can use different methods.

Drop drying This was used in the early times, to make nanotube layers on substrates

for transmission measurements. A small drop of the nanotube suspension is placed on the

substrate and dried. The thickness of the sample can be roughly controlled by the number

of drops and the concentration of the suspension. The disadvantage of this method is the

spatial inhomogeneity of the produced nanotube layer due to the so called coffee stain

effect [34], and the need for a substrate. Nowadays this method is used to make samples for

transmission electron microscope (TEM) measurements, simply drying a drop of suspension

on a TEM grid.

Spray coating We can spray nanotube suspension onto the substrate with an airbrush.

To prevent the droplet formation it is advised to heat the substrate near the solvent boiling

temperature. The thickness can be controlled by the sprayed volume and the concentration

of the suspension. The nanotube layer made by this method is much more homogeneous

compared to the dripping method. The thickness of the layer can be varied in a wide range.

It is often used for transport measurements because it is possible to make thin samples

around the percolation limit. The disadvantage of this method is the need for a substrate.
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2. Materials and Methods 2.2. Spectroscopy

Vacuum filtration This method is the most suitable to produce samples for wide range

transmission measurements. The previous techniques need substrates to support the nan-

otubes, but with this method we can make free-standing nanotube thin layers. The absence

of substrate makes it possible to use the same sample in every frequency range without

using complicated multilayer optical models. The supernatant of the suspension is filtered

through an acetone soluble filter. This method produces homogeneous nanotube layers.

The thickness of the formed layer can be controlled by the amount of the filtered suspen-

sion but has to be above the percolation limit. The filter can be dissolved in acetone and

the remaining nanotube thin film is transferred onto the sample holder which is usually a

graphite disc with a hole. The nanotube thin layer is stretched over this hole which. Finally

mild heat treatment (60 ◦C, few minutes) is used to remove the solvent from the samples.

(Fig. 2.1)

Fig. 2.1: Vacuum filtration method: a) filtration of the nanotube suspension through a
soluble filter, b) filter papers covered by nanotube layer (the scale on the ruler is
in cm), c) the self supporting transparent layer stretched over a hole on a metal
grid.

2.2 Spectroscopy

The aim of spectroscopy is the same in every spectral range. The interaction of the material

with electromagnetic radiation reveals a lot of information about the structural and elec-

tronic properties. Although the purpose is the same, the experimental techniques vary in

different frequency regions. Fig. 2.2 shows a nanotube spectrum with the different spectral

regions. During the measurement, the light emitted by the source is transmitted through
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Fig. 2.2: Nanotube spectrum and the different spectral regions (FIR - far infrared, MIR
- mid-infrared, NIR - near infrared, VIS-UV - visible and ultraviolet range). We
have to use separate instruments to cover this wide spectral range. Fortunately,
as the figure indicates, the overlaps between the measurement ranges help us to
fit the spectral pieces together.

the sample and reaches the detector. The detector measures only the intensity of the light,

thus energy selectivity has to be ensured in some other way. In the visible/ultraviolet

range this is done by a diffractive element like a grating. In the infrared the use of Fourier

transform spectrometers is much more practical.

2.2.1 UV-VIS spectroscopy [32]

In the visible and ultraviolet range the most common instruments are the grating spec-

trometers. The wavelength selectivity is provided by a diffraction grating. The light from

the source is reflected on the grating and dispersed in different directions based on the

wavelength. Using slits, only a portion of the light with the desired wavelength reaches

the detector. To measure a wide spectral range the rotation of the grating is needed. The

most common setup has two light paths, the reference and the sample can be measured

simultaneously. Then the transmission can be calculated as the ratio of the sample (IS)

and reference (IR) intensities at every position of the grating

T =
IS
IR

. (2.1)
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2.2.2 Infrared spectroscopy

Like UV/VIS spectroscopy IR spectroscopy can be performed with dispersive instruments,

but these spectrometers are problematic, particularly in the far infrared (FIR). Because

of the larger wavelength of the IR light the gratings must be large to accommodate the

required number of lines for a good interference. In the infrared region due to large wave-

lengths the light from second-order diffraction will also hit the detector. To eliminate these

contributions we have to cut them off with filters. This means that using one grating only

a small range of the spectrum can be analyzed. The situation gets worse as we go to higher

wavelengths. For example, to cover the 5-240cm−1 far infrared spectral range, five gratings

are required. This means that spectroscopy becomes very laborious and difficult [32].

Fourier transform spectroscopy [33]

Fig. 2.3: Schematic illustration of a Michelson Fourier transform infrared spectrometer
[33].

Due to the inconveniences, the alternative approach of Fourier transform spectroscopy is

favored in the infrared. Its advantage is that during the measurement, the whole spectrum

is recorded, and not just a region. The Michelson configuration (Fig. 2.3) is frequently used

to decompose the light beam into its Fourier components. In this arrangement one mirror

of the interferometer can be moved. For simplicity let’s assume a wavelength independent

light source with I0 intensity. As a function of mirror displacement x, the electric fields of
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the two interfering monochromatic beams are:

E1 =
√

I0T (ω) sinωt; E2 =
√
I0T (ω) sinωt+ 2ωx/c. (2.2)

The time-averaged intensity measured by the detector thus has an x dependence:

dI(ω, x) ∝ (|E1 + E2|2)dω. Because all light frequencies are measured simultaneously, when

illuminated with white light spectrum (I0), the detector measures the integrated intensity

as a function of displacement x:

I(x) =

∫
dI = I0

∫ ∞

0

T (ω)dω + I0

∫ ∞

0

T (ω) cos
2ωx

c
dω = I∞ + I0

∫ ∞

0

T (ω) cos
2ωx

c
dω

(2.3)

The first term (I∞) is independent of x, while the second represents the Fourier transform

of the transmission T (ω). The procedure is the following: intensity I(x) measurement as

the function of the mirror position (x), then Fourier transformation of I(x) − I∞, which

gives the single beam transmission spectrum (T s(ω)). The resolution (∆ω) of this spec-

troscopy is determined by the maximum mirror displacement: (∆ω/c ≃ 1/xmax). To get

the transmission of the sample we have to measure the reference and the sample single

beam spectrum (T s
r and T s

s ),

T =
T s
s

T s
r

. (2.4)

2.3 Measurement of DC sheet resistance

The sheet resistance can be derived from the definition of resistance in the case of a rect-

angular slab:

R = ρ
l

d · w
=

ρ

d

l

w
= R2

l

w
(2.5)

where l is the length, w is the width and d is the thickness of the sample. The sheet resistance

(R2) is the resistivity divided by the thickness. This value is thickness dependent and it

refers to the resistance of a surface unit. Usually the resistance measurements are done

by the four probe method, where two of the probes are used as a current source and the

other two probes are used to measure voltage. Using four probes eliminates measurement

errors due to the probe resistance, the spreading resistance under each probe, and the
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contact resistance between each metal probe and the material. From the definition of sheet

resistance it seems that we have to measure the geometry of the sample to determine R2.

We can circumvent the geometry determination by the four point van der Pauw method

[35]; this involves applying a current and measuring voltage using four small contacts on

the circumference of a flat, arbitrarily shaped sample of uniform thickness. This method

is particularly useful because the result is independent from the geometric spacing of the

contacts. Fig. 2.4 shows the geometry of the four point van der Pauw method. Contacts

were made by painting small dots of colloidal silver on the four corners of the sample.

Fig. 2.4: Geometry of the four point van der Pauw method.

Different combinations of voltage and current contacts were used to improve the accuracy

of the resistance measurement.

Rv =
R12,34 +R34,12

2
, (2.6)

and

Rh =
R23,41 +R41,23

2
, (2.7)

where Rab,cd means we drive the current through the contacts a, b and measure the voltage

between c, d. The sheet resistance (R2) can be calculated using the van der Pauw formula:

e−πRv/R2 + e−πRh/R2 = 1. (2.8)
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2. Materials and Methods 2.4. AFM measurement

In a later sections (3.2 and 3.4) we will use the sheet conductance which is simply the

reciprocal of the sheet resistance (S2 = 1/R2).

2.4 AFM measurement

The purpose of the atomic force microscopy measurements is to determine the thickness

of the nanotube layers. We use the thickness as an input parameter in the previously de-

scribed Kramers-Kronig calculation. We performed the AFM measurements in non-contact

mode, which means that the AFM-tip vibrates on the cantilever with its eigenfrequency.

The frequency of the vibration is continuously measured with a laser reflected from the

cantilever. As the sample is moved towards the tip by piezo actuators the interaction de-

tunes the resonating cantilever from the eigenfrequency. This detuning occurs before the tip

reaches the surface. The distance between the tip and the sample can be set at a constant

value during the scan using this detuning as a feedback for the piezo actuators. With this

method the topography of the sample can be measured without touching its surface. This

is important in the case of soft samples like the nanotube thin films. By AFM, heights can

only be measured relative to some reference surface. We use silicon wafers for this purpose.

We produce the samples for AFM measurements by the same vacuum filtration technique

as described in section 2.1, but we spread the layer on the top of a silicon wafer instead

of a graphite frame. The flat surface of the silicon crystal provides a good reference point.

We defined the thickness of the layer as the elevation of the tip as it goes form the silicon

surface to the top of the nanotube layer (Fig. 2.5). To provide a sufficiently sharp edge

between the bare and the nanotube covered silicon, a scratch is made by a scalpel on the

nanotube layer.

36



2. Materials and Methods 2.4. AFM measurement

0 100 200 300 400 500 600 700 800
0

200

400

600

800

1000

1200

1400

1600

1800

2000

F
re

qu
en

cy

Height (nm)

166 nm

Si
substrate

nanotube
layer

��

��������

Fig. 2.5: Film thickness determination by AFMmeasurement. The thickness is determined
using the histogram of the measured height data. The left peak represents the
height of the Si substrate, and the right peak is related to the nanotube layer.
The inset shows the measured topography image. The dark gray region is the
bare silicon surface, the lighter gray region is covered by nanotubes.
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3. Results

3.1 Kramers - Kronig calculations

3.1.1 Motivation

In this section I discuss a few issues about using optical transmission spectra for investi-

gating carbon nanotubes. The common methods for sample characterization are based on

the optical density (-log(T)). This is reasonable in the near-infrared and visible spectral

region, but fails for the infrared and far infrared. The optical density neglects the reflection

which can be high in the far infrared and near the transition peaks. For detailed analysis a

more rigorous treatment is needed. To get more reliable information we use the Kramers-

Kronig calculation derived for the single layer model (1.2.4) which takes into account the

reflections.

3.1.2 Introduction

The use of optical density is one of the most widespread method for the characterization of

carbon nanotubes. The characteristic near infrared - visible (NIR/VIS) peaks correspond to

transitions between the Van Hove singularities in the one-dimensional density of states [5]

and their positions give qualitative information about the chirality of tubes in a network.

Individual semiconducting nanotubes can be identified by fluorescence [13, 36], and for

individual metallic tubes, information from Raman excitation profiles [37] has been used.

For comparable measurements we have to raise transmission spectroscopy to the same level

with proper data analysis. The fundamental issue regarding the evaluation of wide-range

nanotube spectra is the determination of optical constants from transmission.
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3.1.3 Optical density vs. optical functions

The model for the definition of optical density is the same as in section 1.2.3, but now we

neglect the reflections at the interfaces. The basic equation for light transmitted through

a sample at normal incidence is:

I0 = IR + IA + IT = RI0 + IA + (1−R)e−αd. (3.1)

Using the approximation for a transparent sample (R ∼= 0, αd ≪ 1), we obtain Beer’s

law, the well-known relation between extinction coefficient and transmittance:

D = − log T = ϵcd, (3.2)

where T = IT/I0 is the transmittance, ϵ the specific (molar) extinction coefficient1, c the

concentration (for mixtures) and d the thickness of the sample. D = ϵcd is called optical

density. The optical density is proportional to the power absorption coefficient α only when

reflection can be neglected and the sample is sufficiently transparent. Unfortunately, the

nomenclature is being confused by the majority of today’s spectrometer software, where

the measured transmission is automatically converted to optical density and called ”ab-

sorbance”. Nanotube networks always contain metallic tubes, and because of the free car-

riers, high reflection occurs in the far-infrared region, thus the approximation in Eqn. 3.2

no longer holds. In this case, we have to use the single layer model which connects the

complex index of refraction N̂ to the transmission coefficient t (section 1.2.3):

t =
4N̂

(N̂ + 1)2e−iδ − (N̂ − 1)2eiδ
, δ =

ωN̂d

c
. (3.3)

where c is the speed of light and d the thickness of the sample. The measured quantity is

the transmittance T, whose square root is the amplitude of the transmission coefficient.

The transmission coefficient is an analytical function whose phase and amplitude satisfy a

dispersion relation. Therefore, the phase can be analytically calculated from the integral of

1 Beer’s law is extensively used in analytical chemistry where ϵ(ω) traditionally stands for the extinction
coefficient.
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the amplitude with the Kramers-Kronig transformation derived for single layer transmission

(section 1.2.4):

t =
√
Teiϕ (3.4)

ϕ(ν∗
0) = 2πdν∗

0 −
2ν∗

0

π

∫ +∞

0

ln (
√

T (ν∗)/
√

T (ν∗
0))

ν∗2 − ν∗2
0

dν∗. (3.5)

If we know the transmittance over the whole spectrum and the thickness of the sample,

we can calculate the complex index of refraction, and hence we can determine the optical

functions of the sample, for example the power absorption coefficient:

N̂ = n+ ik,→ α = 4πkν∗. (3.6)

Equally important is the dielectric function ϵ̂r = N̂2, the complex value directly compa-

rable to band-structure calculations.

To circumvent the problem of finite frequency range in a real measurement, standard

extrapolations based on metallic or semiconducting dielectric function models are used at

high and low frequencies2.

Figure 3.1 shows the transmission of a 150 nm thick (thickness measured by atomic

force microscopy) self-supporting film [38, 19] and the optical functions derived thereof. We

denote the transition peaks with S11, S22 and M11 according to section 1.1.5. In analogy

with this notation M00 stands for the low frequency contribution of the free carriers. The

left panel illustrates that the bulk reflectance (that of a hypothetical semi-infinite, non-

transparent sample with the same optical properties as the present film) is almost perfect

in the low-frequency region, where it is caused by the free carriers of the metallic tubes.

Above ∼ 3000 cm−1 wavenumber, the frequency dependence and relative intensities of the

optical density and both the power absorption coefficient α and the optical conductivity

σ1 can be linearly scaled. Although in principle only σ1 can be compared to the results of

band-structure calculations, it is apparent that the correction is negligible for films which

are transparent in the whole spectral range.

2 We used frequency independent extrapolation for low wavenumbers, and power law decrease at high
wavenumbers
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Fig. 3.1: Left panel: Wide-range transmission of a 150 nm thick nanotube network and the
optical density and bulk reflectivity derived thereof (for details, see text). Right
panel: optical density, optical conductivity and power absorption coefficient. It
is apparent that the three can be scaled together above 3000 cm−1, but are
substantially different below.
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Fig. 3.2: Thickness dependence of optical density of the low-frequency M00, the NIR S11

and the VIS S22 and M11 peaks calculated as described in the text.

Another important aspect is the applicability of Beer’s law for concentration determi-

nation and purity evaluation. The S22 peak is used [39] for this purpose and it proved that

Beer’s law applies to this peak both in suspension [40] and transparent airbrushed films

[41] provided it is evaluated properly. For metallic tubes, Strano used the M11 transition

[42], but quantitative evaluation is hindered in this case by the relatively low intensity of
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this peak and the strong π → π∗ absorption baseline. Obviously, it would be easier to

use the far-infrared absorption instead. Figure 3.2 shows the result of a simulation where

we calculated the transmission of films like in Fig. 3.1, of different thicknesses between 10

and 1000 nm, then determined the optical density. Beer’s law is satisfied for all interband

transitions in this thickness range, but fails already at relatively small film thickness (∼

100 nm) in the free-carrier regime.

3.1.4 Conclusion and outlook

As we have seen caution is warranted when calculating optical functions from nanotube

transmission data. Optical density (-log T) scales with optical conductivity only in the

low-reflection regions. In order to extend the investigations for metals into the far infrared,

we have to invoke the Kramers-Kronig analysis of carefully measured transmission data.

We extensively use this data handling in later sections, most of our conclusions are based

on optical conductivity spectra calculated by this method.

Thesis points:

1. Using wide-range transmission data and numerical simulations, I have shown that

the optical density approximation holds above 3000 cm−1. In the range of the free-

carrier absorption of metallic nanotubes, reflection distorts the linear relationship

between optical density and carrier concentration. Therefore, the proper method to

use for concentration evaluation is wide-range transmission spectroscopy followed by

Kramers-Kronig transformation to obtain optical conductivity.

• Á. Pekker, F. Borondics, K. Kamarás, A. G. Rinzler and D. B. Tanner: Calculation

of optical constants from carbon nanotube transmission spectra, phys. stat. sol. (b),

243, 3485, (2006)
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3. Results 3.2. Nanotube comparison

3.2 Nanotube comparison based on optical

spectroscopic results

3.2.1 Motivation

With the development of different nanotube growing methods various samples became

available. The most significant difference between these differently produced samples is the

diameter distribution of the constituting nanotubes. All the important properties of nan-

otubes depend in some way on the diameter. Moreover, the samples can be further modified

or selectively enriched. The characterization and comparison of various nanotube ensembles

can be performed using different methods. With microscopic techniques like transmission

electron microscopy we can determine the purity and more or less the diameter and length

distribution of the sample. The drawback of this method is that it provides information

only about a small portion of the sample. In order to get reliable information about the

macroscopic sample a number of measurements have to be performed. Macroscopic char-

acterization techniques are usually optical methods. The most widely used techniques for

this purpose are Raman spectroscopy [37, 43], photoluminescence spectroscopy [12, 13], and

transmission spectroscopy. The first two are particularly suitable to determine the (n,m)

indices of the constituting nanotubes. However, they also have restrictions. Photolumines-

cence works only with semiconducting tubes, and for sufficiently high quantum yield the

nanotubes have to be individualized. The drawback of Raman spectroscopy comes from

its advantage. The resonance condition which always applies for nanotubes enhances the

contribution of a few types of tubes. In order to investigate all the nanotube species in

the sample, a number of lasers with different wavelength have to be utilized. Transmission

spectroscopy lacks the selectivity of the previously introduced techniques and measures all

the constituting nanotubes simultaneously. In this section I show how the performance of

transmission spectroscopy can be enhanced using the results of the more selective methods.

3.2.2 Nanotube samples

We investigated and compared seven different nanotube samples based on their optical

properties. The samples contained single-walled carbon nanotubes produced by different
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Tab. 3.1: Different nanotube samples used in the comparison. The indicated average
diameters are based on our optical measurements (see section 3.2.4).

Sample Company Note Average diameter (nm)

O2 purified
P2 Carbon Solutions arc-discharge tubes 1.42

acid treated
P3 Carbon Solutions arc-discharge tubes 1.42

acid treated
Laser Rice University laser ablation tubes 1.25

annealed
Laser-H Rice University Laser sample (400◦C 12h) 1.25

HiPco CNI Nanotechnologies CVD tubes 1.08

Southwest CVD using
CoMoCat CG Nanotechnologies Co-Mo catalyst 0.90

Southwest CoMoCat sample enriched
CoMoCat SG Nanotechnologies with semiconducting tubes 0.76

preparation techniques or modified in some way (Table 3.1). P2 and P3 samples were pro-

duced by arc-discharge method. The P2 sample was purified by air oxidation, while P3 was

treated with nitric acid. Laser and Laser-H samples were made by laser ablation technique.

The Laser sample was purified using different acids. Laser-H is similar to the Laser sample

but annealed in order to remove the doping due to the purification process. HiPco tubes

were produced by chemical vapor deposition method (CVD) using high pressure carbon

monoxide as carbon source. CoMoCat CG was produced by CVD using cobalt-molybdenum

catalyst. The SG version of the CoMoCat tubes were enriched with semiconducting tubes

using density gradient ultracentrifugation.

Experimental

We prepared self supporting thin films by vacuum filtration technique for wide range

transmission measurements. The spectra were measured in a wide frequency range

(20-55000 cm−1). A Bruker IFS 66/v vacuum FTIR spectrometer was used in the far-

and mid-infrared region. The near infrared data were measured by a Bruker Tensor 37

FTIR spectrometer, and the visible and ultraviolet region was covered by a Jasco v550

grating spectrometer. We extended the comparison to the DC conductivity, as the zero
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Fig. 3.3: a) The measured wide range transmission spectra of the different nanotubes. b)
The calculated optical conductivity using the Kramers - Kronig relations and
model considerations (for details, see text). Curves have been shifted along the
y axis for clarity.

frequency limit of the optical conductivity. The DC sheet conductance was measured using

the four point van der Pauw method (section 2.3). In order to obtain the DC conductivity

we measured the sample thickness by atomic force microscopy.

3.2.3 Data analysis

Kramers-Kronig calculation

We calculated the optical conductivity from the transmission data using the Kramers-

Kronig equations and model considerations to rule out the geometry related contribution

from the spectra (1.2.4 section). This simple model does not take into account that the

nanotube thin film is a porous structure, a random network composed by entangled nan-

otube bundles. To eliminate the effects of different morphologies, the optical conductivity

spectra were scaled to the π-π∗ transition by varying the thickness during the Kramers-

Kronig calculation (Fig. 3.3). Due to this scaling, the quantitative information is restricted

to the peak positions, the intensities can be used only for qualitative comparison.
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Drude-Lorentz fit, baseline correction

For further analysis we fitted the optical conductivity by the Drude-Lorentz model(1.2.2)

using the simple relation between the real part of the optical conductivity (σ1) and the

imaginary part of the dielectric function (ϵ2):

σ1 = ϵ2ω = ϵ0

[
ω2
p,1γ1

ω2 + γ2
1

+
∑
j=2

ω2
p,jγiω

2

(ω2
0,j − ω2)2 + γ2

jω
2

]
, (3.7)

where ϵ0 is the vacuum dielectric constant, ωp,1 and γ1 the plasma frequency and width of

the free-carrier (Drude) contribution, and ω0,j, ωp,j and γj the center frequency, generalized

plasma frequency and width of the Lorentz oscillators corresponding to transitions of bound

carriers. (The generalized plasma frequency for Lorentzians is the measure of the oscillator

strength.) The result of these fits is an unusually large number of oscillators, since the

samples consist of several types of nanotubes with transition energies depending on their

chirality.[3] (Despite their large number, these features cannot be related directly to single

nanotube species. Especially in the case of large average diameter samples these peaks

originate from many individual nanotubes, but due to their similar transition energies

they cannot be decomposed further.) For the transitions, we use the notation of Ref. [44]:

M00 for the intraband/small gap transition of formally metallic tubes, S11, S22,M11,M22...

the interband transitions of semiconducting and metallic tubes, respectively, in order of

increasing energy. The full set of fit parameters is presented in Appendix B.

When assigning a specific group of peaks to one type of transition, we have to distin-

guish between transitions belonging to the given group and all others, the latter considered

background. In the first step, we have to distinguish the spectral information belonging

to the one-dimensional structure of the tubes from other contributions, mainly the π-π∗

transition of the full π-electron system, and from those caused by other carbonaceous mate-

rial present in almost all nanotube ensembles. (Although the samples used represent some

of the highest quality commercial nanotube products, the problem cannot be eliminated

completely and has to be considered when evaluating intrinsic properties.[45]) The former

can be modeled by a few Lorentzians,[46] and the latter is considered a constant in the

low-frequency regime.[39] This constant was taken into account as a weak and broad Drude

oscillator. We treat the sum of these two effects as background and subtract it to empha-
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Fig. 3.4: a) Baseline correction of the optical conductivity of the P2 sample using a Drude-
Lorentz fit. The peaks were assigned either to the spectral features or to the
background (the π-π∗ transition and a constant from carbonaceous impurities
at low frequencies is considered as background). b) After the background sub-
traction the spectra can be further analyzed and a single set of peaks can be
selectively extracted (see text for explanation).

size the free-carrier contribution and the electronic transitions of the nanotubes themselves

(Fig. 3.4).
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Fig. 3.5: a) Comparison of S11 transition peaks of our samples. The samples possess dif-
ferent diameter distribution which appear in their optical spectra. b) The M11

peaks of the same samples.
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In case of laser ablation and arc-discharge tubes the corrected spectrum contains more

or less separated groups of peaks which can be assigned easily to the different transitions

(in the sequence M00, S11, S22, M11 (Fig. 3.4b)). In the spectra of small diameter tubes

like HiPco and CoMoCat the S22 transitions of lower diameter nanotubes overlap with

the M11 transitions of the higher diameter ones. Therefore the assignment is somewhat

ambiguous. It can be improved, however, utilizing the results of previous resonance Raman

studies.[37, 43] These experimental investigations provide a database of electronic transition

energies by nanotube species. Comparing the center frequencies of the fitted oscillators to

these values helps us separate the S22 andM11 peaks. With the association of the oscillators

with different transitions, the spectrum can be further optimized for analysis. In order to

extract as much of the original information as possible related to one specific set of peaks

(S11, S22, etc...), the Lorentzians assigned to other transitions are considered as background

and subtracted. This procedure leads to spectra as depicted in Fig. 3.5: we preserved the

original data in the region of interest, containing all the small features which otherwise

would have been lost. In the following we will use both the fitted Lorentzians and the

aforementioned baseline corrected peaks depending on which is more appropriate.

3.2.4 Results

Comparison of different single walled carbon nanotubes

The optical behavior of the nanotubes is determined by their diameter. It is possible to

deduct the diameter distribution of the samples from their optical spectra,[47] but chiral

index assignment cannot be performed based on transmission data alone. The transition

energies of the different (n,m) species can be determined from Raman [37, 43] and photo-

luminescence [12, 13] measurements on suspended tubes in solution. Previous studies show

that bundling and other environmental effects produce a frequency shift between bulk and

suspended tubes, which has to be obtained experimentally. [48, 49, 50] In our case we

determined this shift using the CoMoCat SG sample. This sample is enriched with (6, 5)

type semiconducting tubes. In the optical spectrum we can easily identify the transition

peaks of the (6, 5) type tubes (Fig. 3.6). Comparing the center of these peaks to the values
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Fig. 3.6: The determination of the correction due to bundling. In the optical conductivity
spectrum of the enriched CoMoCat sample the contribution of the (6,5) tube can
be easily identified. The red lines show the transition energies of the individual
(6,5) nanotube defined by photoluminescence measurements.[12] The same shift
can be applied in both frequency ranges.

obtained by measurements on individual tubes,[12] we can determine the shift due to the

environment (∆ = 0.07 eV).

We used this value to correct not only the CoMoCat SG but all other nanotube spec-

tra. The reason behind this generalization is the presumed similarity of the environmental

effects in case of different nanotube samples. The interactions between the nanotubes in

the bundle and the dielectric environment are supposed to be independent of the diame-

ter of the neighboring nanotubes, change only with the size of the bundle, and probably

saturate as the size increases. Our solid samples presumably contain large bundles which

means we are already in the saturation range and a constant can be applied. Applying this

correction to the spectra, the transition peaks become directly comparable to the Raman

and photoluminescence measurements mentioned above.

We used the first transitions of the semiconducting and the metallic nanotubes, respec-

tively, to define the diameter distribution of our materials. For the diameter determination

we use the imaginary part of the dielectric function ϵ2 = σ1/ω, where σ1 is the optical

conductivity. (Maxima in the joint density of states occur at maxima in ϵ2;[2] these differ

slightly from the peaks in σ due to the factor ω.) The most abundant nanotube types are
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Fig. 3.7: The average diameter determination for the CoMoCat CG sample. First we de-
termine those regions of the S11 and M11 peaks which are related to the most
abundant nanotube species. a) Except the M11 peak of the CoMoCat samples,
the energy range for diameter determination was calculated using the peak area.
The blue curve is the integrated peak intensity as a function of wavenumber.
The first (Q1) and third (Q3) quantiles refer to those wavenumbers where the
area equals 25% and 75% of the whole peak area, respectively. b) In the case
of CoMoCat samples, the M11 peaks are merged into the π − π∗ background,
therefore only the signatures of the most abundant nanotubes are detectable.
In this case we can use directly the parameters of the assigned Lorentzians to
determine the diameter distribution. See text for more explanation.

determined using the first and third quantiles (Q1, Q3) of the background corrected peaks

(Fig. 3.7a). Comparing the energy range defined by Q1 and Q3 to the transition peaks of

individual nanotube species[37, 43] we can determine the composition of our samples. In

the case of the CoMoCat samples the M11 peaks are in the visible region and merged into

the π − π∗ background. In the spectrum, only the contributions from the most abundant

metallic nanotubes are detectable, thus we do not have to use the quantiles method to de-

termine the most probable nanotube species. In this case the energy ranges related to the

peaks were determined by the parameters of the assigned Lorentzians: [ωc,L− ΓL

2
, ωc,H+ ΓH

2
],

where ωc,L and ΓL are the center and the width of the Lorentzian with the lowest energy,

and ωc,H and ΓH are the same parameters related to the Lorentzian with the highest energy.

The determined wavenumber ranges were converted to energy and corrected by the above-

mentioned 0.07 eV shift (Fig. 3.7b). Comparing these energy ranges to the transition peaks

of individual nanotube species[37, 43] we can determine the composition of our samples.

To characterize the samples, we determined the average diameters of the semiconducting
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and metallic fraction and for the whole ensemble, respectively. Table 3.2 and Fig. 3.8 shows

the result of this procedure. The details can be found in Appendix B.

Tab. 3.2: Average diameters of the semiconducting, metallic and non-armchair metallic
fractions and the average diameter of the whole ensemble in the case of different
samples (in nm). About the purpose of non-armchair average diameter, see
Section 3.2.4. - low energy behavior part.

Semiconducting Metallic Non-armchair Overall
metallic

P2 1.43 1.41 1.42 1.42
Laser-H 1.25 1.25 1.25 1.25
HiPco 1.07 1.11 1.12 1.08

CoMoCat CG 0.97 0.77 0.79 0.90
CoMoCat SG 0.74 0.77 0.79 0.76

Fig. 3.8: The indexed graphene sheet. The scale at the top indicates the diameter of the
corresponding nanotubes. The colored bars show the diameter distributions of
the samples produced by different methods.
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Low energy behavior

The electronic structure of carbon nanotubes is determined by their (n,m) wrapping in-

dices. In their classic paper on the electronic structure of carbon nanotubes, Hamada,

Sawada and Oshiyama[51] predicted the (3n, 0) zigzag nanotubes to possess a narrow gap

of the order of 10 meV, decreasing with increasing diameter, in contrast to truly metallic

armchair (n, n) tubes. These calculations have been extended to all tubes with diameters

below 1.5 nm by Kane and Mele,[52] with the result that except the armchair nanotubes, all

others satisfying the n ≡ m(mod 3) condition develop a gap below 0.1 eV. The mechanism

behind the inhibition of electric conductivity is the π-orbital misalignment[11] increasing

with increasing curvature.

On the experimental side, tunneling spectroscopy on individual nanotubes[7] confirmed

the presence of a low-energy gap. Low-frequency peaks have been reported several times in

the optical conductivity or optical density of macroscopic nanotube samples,[18, 44, 19, 53]

but their interpretation is not uniform. Part of the controversy stems from the evaluation

procedures varying with the measurement method.

Strictly speaking, transitions through a gap cause a peak in the imaginary part of the

dielectric function ϵ2 (ϵ2 = σ1/ω) at the gap value. This quantity cannot be measured

directly, but is determined by Kramers-Kronig transformation from wide-range reflectivity

or transmission of neat samples.[54, 31] Power absorption is proportional to the imaginary

part of the refractive index and contains contributions from both real and imaginary parts

of σ; moreover, the optical density derived from the transmission as −logT differs from

the true absorption function because of corrections due to reflectance at the interfaces.

Whether or not these factors can be neglected during the analysis depends on their exact

values. For carbon nanotubes in the far-infrared region, the difference between absorption,

optical conductivity and optical density can be significant.[55] Nevertheless, optical density

is often used for comparison of samples, especially thin layers on a substrate, because the

transmission measurement at normal incidence (using the substrate as reference) cancels

the substrate contribution.

In a composite material, even the overall optical conductivity can differ from that of the

ingredients. Effective-medium theory predicts that small metallic particles in a dielectric

medium will develop a finite-frequency peak in the conductivity of the composite. Elaborat-
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Fig. 3.9: Left panel: The extracted low frequency peak (M00) of the Laser-H sample with
the fitted oscillators and their sum. Note the logarithmic frequency scale. The
low frequency gap was defined using the fitting parameters from Appendix B.
Right panel: The fitted M00 curves of all samples, clearly indicating the variation
in the gap energy.

ing on the effective medium theory, Slepyan et al.[56] cite the finite length of the nanotubes

as the crucial factor behind shifting the conductivity maximum of metallic nanotubes from

zero to finite frequency.

Our method to determine the low-energy gap is illustrated in Fig. 3.9. The right panel

shows the low-frequency behavior in more detail. The gap energies Eg were determined as

the center frequency of the lowest frequency Lorentzian in the Drude-Lorentz fit (Fig. 3.9,

details can be found in Appendix B). It is obvious from the figure that all samples show a

low-energy gap which increases with decreasing average diameter. In Fig. 3.10 we present

our gap values as a function of the non-armchair metallic mean diameter from Table 3.2.

In the following, we will put our results in perspective, based on previous knowledge sum-

marized above, and compare them to other far infrared/terahertz experiments.

Itkis et al.[44] published a comprehensive study of optical density on spray-coated films of

three types of nanotubes, whose properties are close to some of our samples (arc-produced,

laser and HiPco). All three samples exhibit a far-infrared peak in the optical density, its
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frequency increasing with decreasing mean diameter of the sample. Our optical conductivity

data support their conclusions of the low-frequency gap causing the peaks.

A strong experimental proof for the low-frequency gap is the study by Kampfrath et

al.[57] who examined the behavior of the far-infrared absorption on photoexcitation by

a short visible laser pulse. Their model, based on an ensemble of two-level systems with

a variation in the chemical potential, explains the observed spectrum and even its weak

temperature dependence.[19]

Akima et al.[53] have studied several samples, a ”true” composite material (0.5 weight

percent SWNT in polyethylene) and bulk nanotubes, sprayed on a silicon substrate. The

composite exhibited a strong optical density peak in the far-infrared region, which they

attributed to the Drude absorption of small metallic nanotube particles, shifted in frequency

by effective-medium effects. They generalize this result to concentrated nanotube networks,

although it is obvious even from their data that in a more concentrated sample, the peak

appears at lower frequency. (They explain the latter as due to morphology and anisotropy.)

We agree with Kampfrath et al.[57] that neat nanotube networks can be considered uniform

at far-infrared frequencies, but at low concentrations isolated nanotube clusters can behave

as metals in a dielectric.

The data in Fig. 3.9 cannot be explained by the model of Slepyan et al.[56] either,

since that model predicts a very weak diameter dependence. They could be reconciled if

the length distribution were correlated with the mean diameter, which, however, is highly

improbable. The aspect ratio does not change considerably for nanotubes a few micrometers

long, in the diameter range between 0.8 and 1.5 nm.

Adapting now the explanation of the peaks in the optical conductivity assigned to the

curvature-induced secondary gap, we examine its diameter dependence and compare it to

the values determined by other methods.

The low-energy gap occurs in all of our samples. At first glance the experimental values

are randomly distributed in Fig. 3.10, but if we make a distinction between the data of

the modified (red squares) and the unmodified (black dots) samples, the latter show clear

diameter dependence. The curvature-induced gap (Eg) was estimated to depend on d as

1/d2 by both theoretical[6, 58] and experimental[7] studies, but according to density func-

tional theory (DFT) calculations[10] an additional 1/d4 term improves the fits considerably.
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Fig. 3.10: Low-frequency gap position versus non-armchair metallic average diameter
for all samples measured.Black dots correspond to undoped samples and red
squares to doped samples. The dotted line through the undoped data is a guide
to the eye.

Although the tendency is clear, we cannot establish a quantitative connection between the

diameter and the gap energy due to the averaged nature of the determined values. The

gap which appears as a peak in the low frequency range of the optical conductivity spec-

trum related to the whole ensemble of the metallic nanotubes thus cannot be connected

to a specific diameter. However, the gap value clearly increases with decreasing diameter

which is in qualitative agreement with the theoretical calculations. We conclude that this

behavior is not a morphological effect but connected to the properties of the constituting

nanotubes and is related to the curvature.

The modified P3 and Laser samples possess the same diameter distribution as their

unmodified counterparts, but due to the received acid treatment the constituting nanotubes

are doped and their Fermi level moved into one of the Van Hove singularities where the

free carrier behavior is not affected by the curvature. Based on this picture we expect that

the Eg values of the doped samples fall to zero. The possible explanation of the nonzero Eg

55



3. Results 3.2. Nanotube comparison

0.6 0.8 1.0 1.2 1.4
0

25

50

75

100
Optics:                     STS:

 Undoped        Ouyang       
 Doped                    
 Kampfrath        DFT:
 Itkis                Zolyomi
 Akima

E
g (m

eV
)

d (nm)

Fig. 3.11: Comparison of gap positions determined by various methods: ”undoped” and
”doped”, this study (Fig. 3.10), Kampfrath: photoinduced THz absorption,[57]
Itkis: optical absorption,[44] Akima: optical absorption,[53] Ouyang: STS,[7]
Zólyomi: DFT calculations.[10] Dashed lines are guides to the eye.

is the limited sensitivity of the spectrometer in this low frequency region. These samples

exhibit high reflectivity in the far infrared due to increased free carrier concentration. This

means low transmission, which makes the measurement ambiguous and easily affected by

the instrument’s systematic error. Nevertheless the observed downshift due to doping is

significant and the given explanation is plausible.

In Fig. 3.11 we compare our results to those of other measurements and to DFT cal-

culations by Zólyomi and Kürti.[10] The samples chosen for comparison were commercial

materials similar to the ones we studied. We find very good agreement with previously mea-

sured optical data, even though the gap values are not strictly comparable due to different

evaluation methods. Nevertheless, it is striking that the scatter in the data obtained by

optical measurements is minuscule in comparison with the difference between optical and

tunneling results, especially for low diameter. Calculated values agree with the tunneling

data. Two possible scenarios can be imagined: one connected to the materials properties,
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and one to the measurement method. Tunneling is measured on individual nanotubes and

therefore the effect of bundling and the environment is less critical; thus it is understandable

that these data agree more with theoretical values as those are also obtained for specific

(n,m) tubes. (However, variations in apparent gap size can also occur in STS spectra de-

pending on whether the tube is in contact with the metal substrate or isolated from it by

another nanotube.[59]) Bundling can induce a ”pseudogap”, albeit this was predicted to lie

way above the curvature gap in frequency; in inhomogeneous samples, though, this gap is

predicted to disappear.[16] Another possibility is connected to the mechanism of the two

methods. STS measures the current through the sample and therefore requires extended

bands; optical transitions, on the other hand, can occur between localized states as well.

Exciton binding energies for the first and second semiconducting transitions have been

measured this way.[59] Thus, the apparent discrepancy at low diameters can be a sign of

electron-hole interactions even at these small gap values.

Investigation the effect of modification

In the previous section we encountered two types of modified nanotube samples. The com-

parison showed that the effect of modification appeared also in the optical properties.

The observed deviation from their unmodified starting material can be explained in the

following way.

Doping P3 and Laser samples were treated by concentrated acids. Acid treatment is

part of the usual protocol to purify nanotubes [27]: catalyst residues are usually removed

this way. The side effect of the purification process involving nitric acid is the p-doping of

the material. The reaction is assumed to be similar to that in intercalated graphite:

xC + yHNO3 → (Cx)
+NO−

3 + (y − 2)HNO3 +NO2 +H2O

Where xC stands for the carbon atoms in the nanotube. The doping has significant

effect on the optical properties [60]. In the case of semiconducting nanotubes due to the

extraction of electrons, the Fermi level shifts from the gap into the Van Hove singularities.

The doping produces finite density of states at the Fermi energy, which means free carriers.
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Fig. 3.12: The effect of p-doping on the density of states (DOS) in the case of a semi-
conducting and a metallic nanotube. a) DOS of an undoped semiconducting
nanotube with the allowed optical transitions. The Fermi level is in the middle
of the gap. b) due to the p-doping, the Fermi level shifts into the first singu-
larity resulting in finite DOS at the Fermi level. The depleted states cannot
participate in the optical transition. c) DOS of an undoped metallic nanotube.
There is finite DOS at the Fermi energy responsible for the metallic behavior. d)
slightly doped metallic nanotube. Due to the doping, the Fermi level is shifted,
but remains in the finite DOS region. e) With the increase of doping the Fermi
level shifts into the first Van Hove singularity. The DOS at the Fermi energy
increases, and simultaneously the intensity of the M11 transition decrease due
to the depleted states.[44]

Doped semiconducting nanotubes thus behave as metals. The other effect of doping is the

depleted states in the singularities. Optical absorption is caused by the transitions between

the states in symmetric Van Hove singularities. Those electronic states which had been

depleted by the doping cannot participate in these transitions and the related absorption

peak decreases (Fig. 3.12/b). This can also happen with metallic nanotubes. The free carrier

concentration is unchanged as long as the Fermi level is in the constant density of states

region (Fig. 3.12/d), but as the number of removed electrons increases the Fermi level shifts

into the first Van Hove singularity and the same scenario applies as in the semiconducting

case (Fig. 3.12/e). Fig. 3.13 shows the free carrier contribution and the transition peaks of

the doped sample (P3) compared to the undoped counterpart (P2). The inset shows the

increase of the far infrared peak due to the elevated free carrier concentration while the

main graph shows the decrease of the transition intensities.
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Fig. 3.13: Demonstration of the effect of doping. The transition intensities decrease due
to the depleted Van Hove transitions. The inset shows the concomitant increase
of the Drude intensity due to the higher free carrier concentration.

Enrichment In contrast to doping where we modified the electronic structure of the

material, we can also change the constitution of the nanotube ensemble. The CoMoCat

SG sample was enriched with semiconducting tubes. We expect negligible far infrared

optical conductivity in the case of a purely semiconducting system. In spite of this we

observed nonzero optical conductivity in the low frequency region (Fig. 3.14 inset). The

only possibility to get Drude like behavior is that during the transfer from the oven to

the spectrometer the sample had been exposed to air and it might have been doped. In

this case we expect similar behavior to the previously discussed doped samples, but the

low frequency peak shows similar shape to the CoMoCat CG spectrum indicating that the

origin of this peak is rather metallic nanotube residues than accidental doping.

Resonant Raman measurements showed [61] that the enriched sample contains mainly

(6,5) and to a small extent (7,5) and (8,3) type semiconducting tubes. We expect that the

enrichment and the narrow diameter distribution appear in the optical properties. Fig. 3.14

shows the comparison of the optical conductivity spectra of the CoMoCat CG and CoMo-

Cat SG samples. The shape of the first and second transition peak of the semiconducting
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Fig. 3.14: Comparison of the two CoMoCat sample. The main graph shows the wide
range background corrected optical conductivity spectra of the samples. The
shape of S11 and S22 peaks indicate that the sample was enriched with a few
types of semiconducting nanotubes. The inset shows the Drude behavior of the
samples. The decreased intensity in this region confirms that the enrichment
was selective to the semiconducting tubes.

nanotubes indicates that the SG sample contains fewer types of nanotubes. The difference

is mainly between the lower wavenumber parts of the peaks. Considering that the transi-

tion energies are roughly proportional to 1/d [3] this part belongs to the larger diameter

nanotubes which indicate that in the SG sample only small diameter nanotubes remained.

In the case of CoMoCat SG sample S11 shows triplet and S22 shows doublet shape which

is consistent with the measurements on individual nanotubes [12, 37, 43, 48, 49]. The main

maximum of the S11 peak corresponds to the (6,5) nanotube, and the two sidebands to

the (7,5) and (8,3) tubes. The doublet structure of the S22 peak comes from the trigonal

warping effect because it changes the peak order in the case of the second semiconducting

transition. The (7,5) and (8,3) tubes have lower energy S22 peaks than the (6,5) and their

energy separation is too small to be able to resolve them with optical spectroscopy. The

remaining peaks at higher energies belong to the M11 and S33 transitions. The two sets

of peaks possibly overlap but their analysis reveals useful information about the samples

nevertheless. Based on the low frequency behavior of the spectra, we suggested that the

60



3. Results 3.2. Nanotube comparison

18000 20000 22000 24000 26000 28000 30000

0

10

20

30

40

50

(7
,1

)

(4
,4

)

(6
,3

)

(9
,0

)

(8
,2

)

(7
,4

)

(6
,6

) ;
 (9

,3
)

(1
0,

1) 

(8
,5

) ;
 (1

2,
0)

 
(1

1,
2)

(5
,5

)

(6
,5

 ) 
   

   

(7
,5

 ) 
   

   

(8
,3

 ) 
   

   

 metallic species
 semiconducting species

 CoMoCat CG
 Lorentzian fit
 CoMoCat SG
 Lorentzian fit

O
pt

ic
al

 c
on

du
ct

iv
ity

 (
-1
cm

-1
)

Wavenumber (cm-1)

2,25 2,50 2,75 3,00 3,25 3,50 3,75

 

Energy (eV)

Fig. 3.15: Comparison of the high frequency part of background corrected optical con-
ductivity spectra of the two CoMoCat samples. The two spectra shows similar
peak distribution with respect to the metallic nanotubes. The increased high
energy peak was assigned to the S33 transition of the enriched semiconducting
nanotube species (orange dots). We marked by circles the three most abundant
metallic species ((7,4); (8,5); (10,1)) determined by resonant Raman measure-
ments on similar sample [61]

CoMoCat SG sample still contains metallic nanotubes, moreover due to the low frequency

peak position similar to the CG sample we assume that the remaining metallic residues

possess similar diameter distribution to the original CG sample. To verify this prediction

we compared the high frequency transition peaks of the two samples (Fig. 3.15). The figure

shows the overlapping M11 and S33 set of peaks. We marked by blue dots on Fig. 3.15 the

M11 transitions of the possible metallic (n,m) types [37] (details can be found in Appendix

B). The predicted metallic transitions are the same in both samples. The rightmost peak

can be assigned using the S33 transitions of the (6,5) (7,5) and the (8,3) semiconduct-
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3. Results 3.2. Nanotube comparison

ing nanotubes (marked by orange dots) [49]. This assignment helps us to find out what

happened with the enriched sample. Comparing the S11 and S22 peaks the enrichment is

obvious but this refers only to the semiconducting tubes. The decrease of the Drude peak

in the low frequency region (Fig. 3.14 inset) shows that the SG sample contains less metal-

lic nanotubes than the CG but the sample is not purely semiconducting. The assigned

high energy transitions also confirm this statement. The transitions assigned to metallic

tubes show similar structure and similar intensity sequence in both cases. This indicates

that the enrichment just slightly changed the diameter distribution of the metallic content.

The intensity of the peak assigned to the enriched semiconducting species was increased

with respect to the others showing that the majority of the nanotubes are semiconducting

in agreement with the low frequency data. Previous resonant Raman measurements [61]

showed on similar enriched sample that the most abundant metallic nanotube is the (7,4),

which has similar diameter to the (6,5) tube. We can also observe a slight increase in the

relative intensity of the peak assigned to the (7,4) tube (Fig. 3.15). We marked by circles

the three most abundant metallic species ((7,4); (8,5); (10,1)) determined by resonant Ra-

man measurements [61], which is in good correlation with the features of our spectrum.

Concluding the results, the enriched sample contains mostly (6,5) and in a lesser content

(7,5) and (8,3) semiconducting tubes, but there are still metallic tubes in the sample, and

their diameter distribution is just slightly affected by the enrichment, which is in good

agreement with the low frequency behavior.
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Fig. 3.16: Comparison of DC and optical conductivity of the samples. Besides the arc-
discharge nanotubes, the samples show the same tendency with both methods.
(DC conductivity data is not available for Laser-H sample.)

Comparison of DC and optical conductivity

We determined the DC conductivity of the samples and compared it with the low frequency

value of the optical conductivity. The results show in some cases good qualitative agreement,

but in the case of arc-discharge tube the DC conductivity is much lower than what we expect

from the optical measurements. The origin of this discrepancy can be the different length

distribution of the samples. The arc method produces relatively short nanotubes, which is

disadvantageous with respect to the conduction. The current has to travel through more

tube-tube contacts in the case of short tubes which results in decreased DC conductivity.
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3. Results 3.2. Nanotube comparison

3.2.5 Conclusion

We have shown that transmission spectroscopy (supplemented by Raman and photolumi-

nescence results) can be efficiently used to analyze macroscopic nanotube samples. Besides

the diameter distribution, even the constitution can be defined in the case of samples

consisting of small diameter tubes (CoMoCat, HiPco). This method is ideal to investigate

the effects of modifications like doping, enrichment and, as we will see in the next section,

covalent sidewall functionalization.

Thesis points:

2. (a) I performed wide range transmission measurements to determine the diameter

distribution of several differently produced single walled nanotube samples. Uti-

lizing the results of previous Raman and photoluminescence measurements on

individualized nanotubes I assigned the different (n,m) species to the optical

features.

(b) A selectively enriched nanotube sample was measured and compared to its start-

ing material. The enriched sample contains mostly (6,5) type semiconducting

nanotubes. I confirmed the enrichment based on the optical spectrum. Using

the spectrum of the enriched sample I am able to determine the frequency shift

due to the bundling.

(c) The curvature induced low frequency gap was analyzed in the case of differently

produced nanotubes. The diameter dependence of this peak is in qualitative

agreement with theoretical calculations of the curvature gap. These results in-

dicate that the peak reflects the electronic structure of the nanotubes and not

their morphology. The values of the modified samples deviate from this behavior.

This deviation can be explained with a simple model of p-doping.

(d) I carried out detailed analysis on the spectrum of the enriched sample and

showed that the selective enrichment removed almost all metallic species. How-

ever, the presence of metallic residues can be demonstrated and I showed that
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3. Results 3.2. Nanotube comparison

the diameter distribution of the metallic species changed only slightly despite

the enrichment process.

• K. Kamarás, Á. Pekker, M. Bruckner, F. Borondics, A. G. Rinzler, D. B. Tanner,

M. E. Itkis, R. C. Haddon, Y. Tan, and D. E. Resasco. Wide-range optical spectra

of carbon nanotubes: a comparative study. phys. stat. sol. (b), 245, 2229, (2008).

• Á. Pekker, K. Kamarás, Wide-range optical studies on various single-walled carbon

nanotubes: the origin of the low-energy gap,

arXiv:1101.4586v2 (2011), Physical Review B, submitted
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3.3 Covalent functionalization

3.3.1 Motivation

Due to the unique attributes of carbon nanotubes, high hopes arose for nanotube based ap-

plications, however to use them with success we have to delicately modify specific properties

like solubility, conductivity, transparency, etc. One possible way of modification is covalent

sidewall functionalization. As I mentioned in section 2.1, nanotubes are highly insoluble

and hence difficult to work with. This can be improved using modified nanotubes, where

sidegroups ensure interaction sites for the solvent molecules. Moreover simple sidegroups

can be replaced by larger moieties which provide new features, or even interconnected

networks can be produced linking the tubes together by proper functional groups.

3.3.2 Introduction

Usual nanotube samples contain tubes with different diameters and electronic structure.

It is expected that different nanotubes react differently on functionalization. This dissimi-

larity in the chemical behavior can be the base for nanotube separation. In the following I

discuss the reactivity of nanotubes from two viewpoints: diameter dependence and metal-

lic/semiconducting selectivity. The outcome of the modification is influenced by the two

properties simultaneously but which is dominant depends strongly on the type of reaction.

Diameter dependence

As I mentioned in the 1.1.6 section I discuss here the relation between the curved surface and

the reactivity of the nanotubes. The diameter dependent reactivity has a simple structural

origin [11]. sp2-hybridized (trigonal) carbon atoms in ideal case form planar structures,

which implies a pyramidalization angle of Θ = 0◦, while an sp3-hybridized (tetrahedral)

carbon atom requires Θ = 19.5◦. A perfect SWNT without functional groups has quasi-

1D cylindrical aromatic structure which should be chemically inert. However, curvature-

induced pyramidalization and misalignment of the π-orbitals of the carbon atoms induce

local strain, and carbon nanotubes are expected to be more reactive than a flat graphene

sheet (Fig. 3.17). The reactivity of the nanotube lies between graphene and fullerenes. It

turns out that pyramidalization contributes just slightly to the reactivity [11]. Although
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3. Results 3.3. Covalent functionalization

all carbon atoms are equivalent in the nanotube, there are two types of bonds: those that

align parallel to the circumference and those at an angle to the circumference. This invokes

the π orbital misalignment. Previous calculations [62] for conjugated organic molecules

suggest that π-orbital misalignment is likely to be the main source of strain in the carbon

nanotubes. In single walled carbon nanotubes both the pyramidalization angles and the

π-orbital misalignment angles scale inversely with the diameter of the tubes. The reactivity

is expected to increase with decreasing diameter, which means small diameter nanotubes

can be functionalized more easily than larger ones [63].

Fig. 3.17: Pyramidalization angle and π-orbital misalignment in the case of nanotube and
fullerene. Adapted from [11].

Metallic/semiconducting selectivity

To understand the different chemical properties of semiconducting and metallic nanotubes,

it is advised to utilize the toolbox of chemistry. The nanotubes can be considered as large

molecules, it is plausible to handle the Van Hove singularities in the electronic density of

states as molecular energy levels. This representation helps us to understand why metal-

lic and semiconducting nanotubes exhibit different chemical affinity to certain types of

reagents [64]. We can extend the concept of aromaticity from the strictly taken Hückel
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3. Results 3.3. Covalent functionalization

rules to a situation where an aromatic system is one where the nonbonding orbitals are not

preserved but the electrons are fully occupying the lower-lying bonding orbitals, thereby

stabilizing the conjugated π-electron system. This condition is fulfilled in the case of semi-

conducting tubes. In contrast, the system where the nonbonding orbitals are occupied

(metallic tubes) is antiaromatic. Organic chemistry has several rules for typical reactions

involving aromatic systems that indeed semiconducting nanotubes are more readily partic-

ipating in those type of reactions. On the other hand, when the reactions involve charge

transfer, the decisive factor is the accessibility of electronic states, which is usually more

favorable in the case of metallic nanotubes.

Investigation of the effects of modification

Covalent sidegroups, as they attach to the sp2 carbon atoms, transform them into sp3 hybrid

form. The sp3 type carbon utilizes all of its electrons to form bonds that means it no longer

contributes to the delocalized electron system. All of the unique optical properties originate

from the delocalized π electrons. As we increase the degree of functionalization, the number

of sp2 carbon atoms decrease and respectively the intensity of the transitions related to the

functionalized tubes also decreases [65]. Therefore optical methods like transmission and

Raman spectroscopy are more than suitable to investigate the effects of functionalization.

In the following I show the optical characterization of modified nanotube samples produced

by a particular type of sidewall functionalization method.

3.3.3 Sidewall functionalization

I shortly discuss here the preparation of n-propylamide functionalized single-walled carbon

nanotubes. The functionalized nanotube samples were produced by Zois Syrgiannis and

Frank Hauke3. The starting material was HiPco-type nanotubes (Carbon Nanotechnologies

Inc. - Purified HiPco c⃝) and used without further purification or treatment. The reaction

scheme was the following (Fig. 3.18) [66, 67]:

3 Zentralinstitut für Neue Materialien und Prozesstechnik, Universität Erlangen-Nürnberg, Dr.-Mack-
Str. 81, 90762 Fürth, Germany
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1. lithium n-propylamide was produced in dry THF (tetrahydrofuran). The reaction was

performed in inert atmosphere due to the high reactivity of the used organometallic

reagents.

2. nanotubes were dispersed in THF by ultrasonication and added dropwise to the

lithium-n-propylamide solution.

3. the nucleophilic addition reaction of the organolithium compound and the nanotube

has two main steps. First the positively charged nitrogen of lithium n-propylamide

bonds to the electrophilic carbon atom of the nanotube. The propylamide attaches to

the nanotube covalently and converts the carbon atom to sp3 state while Li+ remains

in the solution. The formed additional charge on the nanotube delocalizes on the

sidewall. The charged tubes electrostatically repulse each other, which leads to their

individualization, resulting in a very effectively solubilized material.

4. the reaction was quenched by purging the system with oxygen. This treatment re-

moves the surplus electrons and lithium ions, and neutral n-propylamine functional-

ized nanotubes remain.

Besides the starting material two functionalized samples were investigated. They differ in

the degree of functionalization as they produced using different SWNT-carbon atom/amide

molar ratio. The starting material is denoted by F0. F1 and F4 are the functionalized

samples, they differ in the concentration of the used n-propylamine solution (0.5 mol/dm3

and 10 mol/dm3 in tetrahydrofuran respectively).

For wide range transmission spectroscopy, transparent self supporting films were pre-

pared by filtration as described in section 2.1. For further analysis the optical conductivity

was calculated using the Kramers - Kronig method with model considerations (1.2.4 sec-

tion). For these calculations the thickness of the samples was measured by atomic force

microscopy.

3.3.4 Results

Changes in the electronic structure have direct influence on the features of the optical

spectrum. By investigating the spectra of samples functionalized to different degrees, we
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Fig. 3.18: Amidation sequence of SWNTs with lithium n-propylamide followed by
reoxidation.[66]

observe shifts in the transition energies and a frequency dependent decrease of transition

intensities.

To determine the changes as a result of the functionalization, delicate baseline correction

is needed. To emphasize the peaks related to a specific transition group (e.g. S11, S22) we

fitted the wide range optical conductivity spectra by Lorentzians and subtracted all the

peaks which do not belong to the specific transition. To investigate the effect of functional-

ization on the whole nanotube mixture, the group of S11 and S22 peaks of different samples

was compared. The evolution of the intensities of the first and second semiconducting tran-

sitions indicates the diameter selectivity of the functionalization. The higher frequency part

of the peaks is related to nanotubes with smaller diameter. In Fig. 3.19 the high frequency

part of both the first and second transition peaks decreases due to the functionalization.

This proves the higher reactivity of smaller tubes.

Beside the transmission measurements the samples were investigated by Raman spec-

troscopy. These measurements were performed by our German partners4. This method

probes the vibrational properties and gives us information about the diameter and the

type (metallic/semiconducting) of the constituting nanotubes. Utilizing the resonance con-

ditions we can selectively enhance the contribution of the nanotubes with absorption peaks

around the laser energy. In order to investigate all nanotube species in the sample a variety

of lasers has to be used. In the Raman spectrum the radial breathing mode (RBM) is used

4 Matthias Müller, Reinhard Meinke, Janina Maultzsch, Christian Thomsen, Institut für Festkörper-
physik, Technische Universität Berlin, Hardenbergstr. 36, 10623 Berlin, Germany
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Fig. 3.19: The effect of functionalization on the S11 and S22 transitions. The higher fre-
quency part of the peaks decrease due to higher reactivity of the smaller di-
ameter tubes. The area under the peaks related to the higher functionalized
sample was striped to emphasize the change in the intensity.

Fig. 3.20: Raman spectra taken in resonance of the (13,1) tube of pristine (F0 - dashed
line, excitation energy: 2.05 eV) and functionalized material (F4 - solid line,
excitation energy: 2.03 eV) respectively, probing various nanotubes. The inten-
sities are normalized to the RBM of the (13,1) tube.

71



3. Results 3.3. Covalent functionalization

to determine the diameter of the constituting nanotubes. The decrease of the RBM inten-

sities due to functionalization is commonly used to investigate the reactivity depending on

either tube species or diameter. The RBM intensity is attenuated on functionalization; this

becomes more and more pronounced for small diameters, i.e., higher Raman shifts (Figure

3.20).

Raman and transmission spectroscopy yield the same diameter dependence indicating

the higher reactivity of small diameter tubes. Although these intensity differences in the

infrared spectra are small the effect is stable and reproducible. We measured the samples

after two years and the spectra were the same. In samples with different functional groups

but similar degree of functionalization we have found also intensity differences with similar

magnitude.[68]
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3.3.5 Conclusion and outlook

The consistent results of Raman and transmission measurements imply that sidewall

functionalization using nucleophilic addition affects mostly the small diameter tubes.

This is in accordance with the prediction based on the curvature induced strain. The

analysis of the transmission data was confined to the semiconducting transition because

the metallic transitions were highly affected by the amorphous carbon backround and

the high energy transitions. However we can get information about the metallic tubes

from the Raman measurements, which implies the lack of metallic/semiconducting

selectivity. There is no explanation yet for this behavior. Nucleophilic addition with other

organolithium compounds, followed by reoxidation reported [69, 70] to favors metallic

tubes because the first step, reduction by Li, requires low-lying empty electronic states,

more abundant in metals than in semiconductors. With degrees of functionalization up to

3 per cent, they proved the preference by Raman spectroscopy. They also found a diameter

selectivity for both metallic and semiconducting tubes, in accordance with π-orbital

misalignment (smaller tubes first). But they find also that metal/semiconductor selectiv-

ity depends on the reagent, and probably lithium-n-propylamide has low selective property.

Thesis points:

3. The effect of covalent functionalization using nucleophilic addition was investigated.

With the detailed analysis of the wide range optical conductivity spectra diameter

dependence was pointed out which can be explained by the curvature induced strain

in the electron system. The results were confirmed by Raman spectroscopic measure-

ments.

• Á. Pekker, D. Wunderlich, K. Kamarás, A. Hirsch, Diameter selectivity of nanotube

sidewall functionalization probed by optical spectroscopy, phys. stat. sol. (b), 245,

1954, (2008)

• M. Müller, R. Meinke, J. Maultzsch, Z. Syrgiannis, F. Hauke, Á. Pekker, K. Kamarás,

A. Hirsch, C. Thomsen, Electronic Properties of Propylamine-functionalized Single-

walled Carbon Nanotubes, ChemPhysChem, 11, 2444, (2010)
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3.4 Transparent conductors

3.4.1 Motivation

Transparent conductors have a wide variety of potential applications. The main attributes

are the transparency usually in the visible region in association with the sufficiently high

free carrier concentration which provides not only measurable DC conductivity but also

high reflection in the infrared spectral region. Based on these properties they can be used

as infrared heat reflectors for energy-conserving windows or in oven windows. The DC con-

ductivity can be exploited in front-surface electrodes for solar cells and flat-panel displays.

They can be used as coatings to defrost windows by driving electric current through the

layer. [71]

This variety of applications needs different types of transparent conductors. It is reason-

able to ask which transparent conductor material is the best for the specific application.

To answer this question we have to compare the candidates based on their main properties,

namely the transparency and the conductivity.

3.4.2 Introduction

Two parameters have to be balanced in a transparent conductive layer: the transmission in

a chosen spectral region (for the most important application, in solar cells, this is preferably

the spectrum of the solar radiation) and the DC conductivity (or sheet resistance). The

film is considered higher quality if the transparency is high and the sheet resistance low;

both quantities depend on the optical and electrical properties and the thickness d of the

film. Of course, for the film to be conductive at all, d has to reach a certain minimum

value; this minimum thickness gives the percolation threshold which has been reported for

several kinds of nanotubes.[41, 72] Above this threshold, many parameters influence the

optimization, e.g. mechanical stability; nevertheless, sheet resistance and transmission at

some chosen wavelength remain the principal ingredients which are desirable to be combined

into a single figure of merit.

Two approaches can be used for such a purpose: either a completely pragmatic one, just

bearing in mind that the characteristic quantity should reflect the feasibility for practical

applications, or one which relies on more fundamental optical relationships and combines
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them using realistic approximations. The simplest example for the first approach was that

of Fraser and Cook,[73] who used the ratio of transmission at a given wavelength and the

sheet resistance to characterize their ITO films. Although this figure was useful for ITO

coatings in the thickness range 0.2 to 2 µm, it was later shown by Haacke[74] that in general

cases it reaches the optimum value at a thickness where the transmission is 0.37, clearly a

bad choice for transparent conductive coatings. Haacke suggested to use the figure of merit

ΦTC = T 10/R2, which shows maximum at T=0.9. He showed that in certain, well-defined

cases ΦTC can be derived from the fundamental materials parameters, but in any general

case a higher ΦTC means better quality. The idea behind the procedure is to emphasize

the importance of optical transparency, since sheet resistance can vary in a much wider

range for the film to be a good transparent conducting material. The choice of the exponent

reflected the limits of the transparency of available coatings more than thirty years ago;

since then, new materials appeared exhibiting higher than 90 per cent transmission for

which the Haacke figure of merit breaks down.

A significant improvement, using the second approach, was the suggestion of Gordon[71]

to use the ratio σ/α, of the inverse of the sheet resistance and the visible absorption coeffi-

cient, the latter calculated from the total visible transmission and corrected for reflectance.

He applied this quantity successfully to compare inorganic oxide coatings.

The most popular method, proposed specifically for nanotubes, based on a more fun-

damental description of optical properties of solids, is that of Hu, Hecht and Grüner.[72]

They start from a simplified version of the formula introduced by Tinkham:[75, 76]

T (ω) =
1

(1 + 2π
c
σ1(ω)d)2 + (2π

c
σ2(ω)d)2

, (3.8)

neglect the imaginary part of the conductivity σ2, and substitute the thickness from the

expression connecting the DC sheet resistance and the DC conductivity d = 1
R2σ1(0)

:

T (ω) =
1

(1 + 2π
c
σ1(ω)d)2

=
1

(1 + 2π
cR2(0)

σ1(ω)
σ1(0)

)2
. (3.9)

In applications in the visible range, optical functions are usually formulated vs. wave-

length, to keep the definition used throughout this thesis and when necessary rewrite the

formulas from the literature.
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Equation 3.8 is intended to be used for thin metallic films in the microwave and far

infrared range, where σ1 ≫ σ2, and the optical functions are independent of frequency,

i.e. σ1(ω)
σ1(0)

= 1. (The validity has been tested in Ref. [75] for wavelengths above 100 µm,

corresponding to frequencies below 100 cm−1.) At higher frequencies, where the conduc-

tivity is complex and frequency-dependent, the simple relationship between transmission

and conductivity is not valid anymore; the conductivity has to be determined from wide-

range transmission data using the single layer model and Kramers-Kronig transformation

(1.2.4 section). The result of the latter procedure is illustrated in Fig. 3.21 for a 250 nm

freestanding nanotube network synthesized by laser ablation.[19] The optical properties of

this network could be fitted in a quite satisfactory way with a Drude-Lorentz model, where

the Drude part represents the contribution from the free carriers in metallic tubes and the

Lorentzian curves those of the interband transitions (of bound carriers in both metallic and

semiconducting tubes) and the π → π∗ excitation. For the nanotube network illustrated in

Fig. 3.21, Eqn. 3.9 overestimates the exactly calculated value by up to a factor of 2 and

shows a marked frequency dependence. Given that the spectra of nanotubes can vary widely

depending on preparation conditions,[77] it is obvious that the σ1(ω)/σ1(0) value cannot

be chosen as a frequency-independent parameter. If we consider it frequency-dependent,

however, then the conditions for the validity of Eqn. 3.9 are not fulfilled.

This choice is extremely dangerous when used for comparing networks of different com-

position whose spectrum can differ fundamentally. Indeed, when evaluating metal-enriched

nanotubes by this method[78] it was found that the estimated DC conductivity enhance-

ment depends on the wavelength, where the transmission is measured. Such results are

clearly unphysical, since the electrical conductivity is a fundamental property of the mate-

rial and cannot depend on measurement conditions. The evaluation method is now spread-

ing into the literature and used for thick and thin films, without consideration for the

boundary conditions. In some publications, it is thought that the formula can be used so

long as the film is thinner than the measuring wavelength (this condition is only valid to-

gether with the σ1 ≫ σ2 one), in others that it is valid for high transmission values only[79]

(although from Fig. 3.21 it is obvious that at low frequencies, where the transmission is

very low, the formula works very well).
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Fig. 3.21: Top: Transmission vs. frequency of a 250 nm thick nanotube film synthesized
by laser ablation (from Ref. [19]). Middle: Optical conductivity calculated from
the top curve by Kramers-Kronig transformation (black) and by the formula
given in Ref. [72]. Bottom: the ratio of the two curves in the middle panel.

Figure 3.21 also shows that from the point of view of optical excitations, a nanotube net-

work is not a metal at 550 nm, where visible transmission is measured most often. Assuming

a simple Drude model, the difference between ordinary metals and metallic nanotubes is

that in the latter, both the plasma frequency and the relaxation rate are much lower (Fig

3.22). This means that while the DC conductivity reflects the properties of free electrons,

the absorption in the NIR/visible is caused by bound electrons: the interband transitions

in both semiconducting and metallic nanotubes (these include but are not restricted to

the ones causing the far infrared absorption and conductivity) and the π → π∗ excita-

tion. Thus, the far infrared and visible processes are decoupled. Equation 3.9 describes
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the far infrared part, the dynamics of the free carriers; above ≈ 2000 cm−1 (below 5000

nm), σ1(ω) = 0 for these carriers. (The case is similar in ITO and other conducting oxides,

where the conductivity is caused by free carriers with a low relaxation rate: as stated by

Gordon,[71] above the plasma frequency these materials behave as transparent dielectrics.)
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Fig. 3.22: Optical conductivity of an ideal Drude metal (ωp = 15000 cm−1,
γ = 2000 cm−1) and a two-component model system (ωp1 = 3200 cm−1,
γ1 = 150 cm−1, ωp2 = 14000 cm−1, ω0 = 12000 cm−1, γ2 = 10000 cm−1).

A possible way out of the vicious circle described above is to use a figure of merit which

can be derived from transmittance at any frequency and DC sheet resistance but does not

suffer from the limitations mentioned. We suggest a modified version of the value intro-

duced by Gordon[71] for inorganic oxide layers: the ratio of the optical density at a given

frequency −log T (ω) and the DC sheet conductance S2 = 1
R2

. (The original suggestion[71]

includes the total visible transmission and reflection values, which are widely used in optical

engineering but not in the case of nanotube films.) We build on the simple fact that both

quantities show a linear dependence on film thickness, with certain restrictions. For the

optical density, these are fulfilled in the visible and at lower wavelengths, where reflectivity

corrections do not influence the measured optical density,[55] which is also the desired range

for most applications. In the case of inorganic oxides,[71] where even the thinnest layers

provide uniform coverage, measurement of one point is enough to determine the ratio σ/α.

In the special case of nanotubes, where a distinct percolation threshold exists, this figure

of merit can be accurately determined only by measuring a series of samples with varying
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3. Results 3.4. Transparent conductors

thickness; however, since the relationship is linear, 3-4 points suffice to arrive at a reliable

value.

3.4.3 Model and figure of merit

We start with a system described by one Drude and one Lorentz oscillator (Fig. 3.22).

This is a simplified model for a nanotube ensemble where the free carriers in the metallic

tubes show Drude behavior, confined to the infrared (plasma frequency ≈ 2000 cm−1),

and the higher-frequency transitions are caused by bound carriers in both metallic and

semiconducting tubes. The parameters used here are similar to those found in Ref. [19]:

the Drude curve represents free carriers in metallic tubes and the first Lorentz oscillator the

bound carriers in semiconducting tubes. (We neglect the higher-lying interband transitions

from both semiconducting and metallic tubes, and the π → π∗ excitations of the whole

π-electron system.) For comparison, we also show the optical conductivity of an ideal Drude

metal with parameters close to that of aluminum. The conductivity of the two-component

system is

σ1 =
N1e

2

mV

γ1
(ω2 + γ2

1)
+

N2e
2

mV

γ2ω
2

(ω2
0 − ω2)2 + γ2

2ω
2

(3.10)

where V is the volume of the system, N1, m and γ1 the number of free carriers, the electron

mass (we assume it to be equal to the effective mass of the carriers) and the width of the free-

carrier conductivity (the relaxation rate), respectively, and N2 and γ2 the same quantities

for the bound carriers (these can be electrons in the Van Hove singularities or the π → π∗

transition). There is no a priori reason in a nanotube ensemble why N1 and N2 should be

related in any way, since the two transitions are caused largely by different nanotubes in

the network. The conditions of Eqn. 3.8 are fulfilled for frequencies ω < γ1.[75, 76]

Assuming that the DC conductivity can be given by the zero limit of the optical con-

ductivity (the same as in the metallic limit), we obtain for the sheet conductance S2

S2 = σ1(0)d =
N1e

2

mV γ1
d. (3.11)
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Alternatively, we can express the conductivity by way of the carrier mobility of the free

carriers:

σ1(0) =
N1e

2

mV γ1
=

N1

V
eµ, (3.12)

where

µ =
e

mγ1
. (3.13)

Note that only the free carriers (type 1) contribute to the DC conductivity and the mobility.

In the frequency range of the Lorentzian part, the reflectivity is low enough to be ne-

glected and the optical density −log T obeys Beer’s law:[55]

−log T = ϵ(ω)
N2

V
d (3.14)

with the factor ϵ(ω) usually termed extinction coefficient in analytical chemistry (not to

be confused with the imaginary part of the refractive index k for which the same notation

is used).

From these two equations, it follows that S2 will depend linearly on −log T , with the

slope

M(ω) =
S2

−log T (ω)
=

N1

N2

1

ϵ(ω)

e2

mγ1
. (3.15)

The slope, in this ideal case, thus bears a physical meaning: the ratio between the number

of free carriers causing the DC conductivity and the number of bound carriers causing the

high-frequency absorption. It is a frequency- (or wavelength)-dependent quantity where the

wavelength dependence can be predicted from the transmission spectrum through ϵ(ω). It

can also be generalized to cases where more than one Lorentzian is giving contributions

at a given wavelength, provided the reflectance is not too high so that the optical density

depends linearly on the amount of nanotubes in the sample. This can be the case for

pristine networks but also for composite materials where the optical density is linear in

concentration.[80]

Even in less-than-ideal cases where the DC conductivity is determined by contacts and

thus does not correspond to the zero-frequency value of the Drude contribution, the figure

of merit still can be used for comparison of different materials. Instead of Eqn. 3.15 the
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following applies:

M(ω) =
σDCd

−log T (ω)
=

V

N2

1

ϵ(ω)
σDC (3.16)

Equation 3.16 contains σDC as a constant typical of the given network. In this case, of

course, physical quantities like free carrier concentration cannot be derived from the mea-

sured data.

0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 3.23: Optical density vs. the function G = ((1−
√
T )/

√
T .

The meaning of Eqn. 3.9 can also be generalized and used as a simple mathematical

algorithm to compare different transparent conductors. The detailed recipe was given by

Liu et al.,[79] who rearranged Eqn. 3.9 in order to obtain a characteristic parameter from

a linear least-square fit. Using our notation, the rearranged form is:

S2 =
c

2πβ
G =

c

2πβ

1−
√
T√

T
(3.17)

In this approach, the quantity derived from the transmittance is G = (1 −
√
T )/

√
T ,

while in the one proposed by us, it is the optical density based on Beer’s law. Figure

3.23 shows that the two functions are monotonous for any transmission value and linear

for about T values larger than 40 per cent. Thus the relative characterization of different

networks is not influenced by using a different figure of merit. One has to bear in mind,

however, that for thicker networks the value β becomes thickness-dependent, as already

noted by Liu et al.[79], and the boundary conditions of Eqn. 3.9 have to be fulfilled if one

tries to derive DC conductivity values.
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Fig. 3.24: Frequency-dependent transmission (top panel) and optical density (bottom
panel) for our thinnest networks in the NIR/VIS range.

The M(ω) value defines a figure of merit at one specific wavelength and not the over-

all transparency in one given spectral range; wavelength-dependent curves can be readily

constructed from the transmission spectrum of the sample and will scale with the inverse

of the optical density −logT .

There are two papers in the recent literature suggesting similar figures of merit based on

optical density and sheet resistance. Eigler[81] introduces a number which only differs from

the one presented here in a scaling factor, equal to the theoretical extinction coefficient

of one graphene layer, 301655 cm−1. The argument for this choice is that the graphene

materials constants, which can be derived from fundamental quantities, can serve as a

general basis for any carbon-based system. However, we think that even among organic
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Fig. 3.25: DC sheet conductance S2 vs. (left panel) −logT (550 nm) and (right panel)
−logT (1600 nm) for several unsorted thick nanotube networks. The lines are
results of a linear fit according to Eqn. 3.15. The shaded area represents the
desired region of technological applications.

materials, variations in optical properties are too large for the use of a single reference

material to be justified, not to speak of inorganic coatings like ITO.

Dan, Irvin and Pasquali[82] derive a figure of merit which is the inverse of the one

suggested here (apart from a different base of logarithm; our reasoning behind the choice

of logT instead of lnT is simply that spectrometer manufacturers opted for the former in

their software and therefore the optical density used in our approach is the same as the

numerical value measured with any commercial instrument in ”absorbance” mode).

We see the advantage of the suggested M(ω) values over the two presented above in that

they allow a more straightforward graphical comparison of transparent conductors. In the

next section we illustrate this advantage for several applications.

3.4.4 Experimental test of the model

To demonstrate the effect of sample composition on the quality of transparent conductive

coatings, we prepared four series of thick networks from various commercially available

types of single-walled nanotubes on quartz substrates. We chose nanotubes prepared by

arc discharge (Carbon Solutions P2), HiPco and two types of CoMoCat (Southwest Nan-

otechnologies) samples: commercial grade with a wider distribution of tubes and special
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grade enriched in (6,5) and (7,5) tubes. We prepared several samples by vacuum filtration

(section 2.1). The thin films was transferred to a 1cm x 1cm x 1mm quartz substrate.

To measure sheet resistivity, we used the four point van der Pauw method (section 2.3).

Transmission spectra vs. wavelength of the thinnest networks of each type and the optical

density derived from those are shown in Fig. 3.24.

Figure 3.25 shows the sheet conductance vs. optical density curves for nanotube films

with varying thickness at two wavelengths indicated in Fig. 3.24: 550 nm and 1600 nm,

respectively. In all cases, the measured points can be very well fitted with a linear function.

A higher slope of the fitted line indicates a higher figure of merit, since it means higher

sheet conductance at a given transmission value. In this respect, it plays a similar role as

the σ(0)/σ(ω) ratio used in Eqn. 3.9, and differs from the Haacke figure of merit in an

important aspect. The latter gives a number for a film with given optical functions and a

given thickness, whereas the former two are independent of thickness. The points on the

individual curves in Fig. 3.25, however, represent films of increasing thickness as we go

farther from the origin. It seems that the morphology of the samples does not influence the

figure of merit as in inorganic systems[71] where it was predicted to increase with increasing

thickness.

It is remarkable that the curves do not pass through the origin but all show approxi-

mately the same intercept at zero sheet conductance. This phenomenon is in agreement

with the percolation behavior found by Hu, Hecht and Grüner,[72] and the optical density

value can be related to the percolation threshold. This finite percolation threshold modifies

the meaning of M(ω) somewhat, since Eqn. 3.15 is valid only for lines cutting through the

origin. In the case of real nanotubes the equation determining the slope is:

M(ω) =
S2

−log T (ω)
Tp(ω)

(3.18)

where Tp is the transmission value at zero sheet conductance.

M(ω) and Tp can be determined by measuring samples with different thickness and

fitting the data using a linear fit. This means that we need at least two points for a given

kind of material. The such obtained slopes M(λ) at two representative wavelengths, 550

and 1600 nm, are summarized in Table 3.3.
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Tab. 3.3: Figure of merit (M) values at two wavelengths.

Sample 550 nm 1600 nm

arc 0.0022 0.0039
HiPco 0.0068 0.0209
CoMoCat CG 0.0035 0.0076
CoMoCat SG 0.0013 0.0032

Both in the visible and near-infrared region, the qualitative order of the networks inves-

tigated is identical: the highest figure of merit is found for the HiPco networks, followed

by CoMoCat CG, then arc and finally CoMoCat SG. It is instructive to analyze in detail

the two parameters contributing to the M value, as both are equally significant.

The spectra are all relatively flat around 550 nm, thus the transmission values are

similar. (As we do not know the thickness of the individual networks, the spectra in Fig.

3.24 are not scaled and illustrate only the wavelength dependence.) The order of M values

is determined by both the intrinsic conductivity of the nanotubes and the percolation

properties of the networks. (This also means that the order found here is only indicative

of the specific networks employed in this study and can by no means be generalized to

compare different types of carbon nanotube samples.) The low-frequency optical absorption

is a good indicator of the intrinsic conductivity; from previous studies[77] we know that

the CoMoCat SG has a significantly lower absorption than the other three, in agreement

with the present data.

In one case, we can allow some generalization: this is the trend in the two CoMoCat

samples where the Special Grade sample is enriched in semiconducting tubes with respect to

the Commercial Grade one. This particular composition exhibits much lower conductivity

and therefore sheet conductance than any of the other materials investigated in our study,

leading to a smaller M value; this result shows that our method is also useful when the

goal is less, and not more, metallic content.

At 1600 nm (right panel of Fig. 3.25) the qualitative order remains the same, but the

slopes change. All M values increase but to a different extent. Therefore, the curves for

CoMoCat SG and the arc sample almost coincide, because of the increase in (−log T ) in

the latter.
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In order to add predictive power to the procedure, we indicate the ”optimal” region

(above a ”threshold” sheet conductance and a ”threshold” transmission value) in the upper-

left corner of the plot. We used the threshold values S2 = 0.007 (Ω/2)−1 and T = 0.7 given

by Green and Hersam,[78] but the region can be easily tailored according to specific appli-

cations. Thus the desired direction of improvement is straightforward. In this specific case,

the HiPco network comes closest to ideal both at visible (550nm) and infrared (1600nm)

wavelengths, but not even this sample will reach the optimal range by simply thinning the

network; instead, fundamental materials properties have to be improved further to increase

the slope.
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Fig. 3.26: The symbols denote DC sheet conductance S2 vs. (−log T ) for unsorted and
metal-rich HiPco films (replotted from Ref. [78]).Lines and shaded area are
derived as in Fig. 3.25.

One very promising way for such improvement is the already mentioned procedure of

separation by density gradient centrifugation. From Eqn. 3.15 it follows that enrichment

in metallic tubes should increase N1/N2 and thus the M value.

In Fig. 3.26 we replot the data of Green and Hersam[78] at 550 nm for unsorted and

metal-enriched nanotube networks in the manner indicated above, along with our unsorted

HiPco sample. The M value for the unsorted sample (0.0088 (Ω/2)−1) is similar to that

found in our HiPco networks (0.0068 (Ω/2)−1) and improves significantly in the fractions

enriched in metallic tubes (0.032 and 0.037 (Ω/2)−1 for the 1 nm metallic and the 0.9 nm
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metallic fraction, respectively). It is obvious from the plot that the last one is already very

close to the desired range.

Similar analysis can be conducted for transparent conducting oxides like ITO, and also

for graphene which shows a qualitatively similar spectrum,[83, 84] but care is to be exercised

when applying it to thin metal films since the optical density of those is not necessarily

proportional to their thickness. The same is true for carbon nanotube films in the far- and

midinfrared region.[55]

3.4.5 Conclusion

We propose the slope of the sheet conductance S2 = 1
R2

vs. optical density (−log T )

lines as a figure of merit for transparent conductive nanotube coatings for the visible/near

IR frequency range. This figure has the advantage of requiring a very simple arithmetic

treatment of the data including a linear fit; the resulting graphical representation is

easy to handle and makes it simple to predict the direction of optimizing the sample.

We demonstrated by comparing single-walled nanotube networks from different sources

that the optimal conditions can be reached in other wavelength ranges than the 550 nm

typically employed for solar cell applications.

Thesis points:

4. A new figure of merit was developed for nanotube based transparent conductors.

This simple method takes into account the special morphology of the nanotube net-

works. Moreover, the graphical representation makes it easy to predict the direction

of optimization.

• Á. Pekker, K. Kamarás, A New Figure of Merit for Nanotube Based Transparent

Conductors, J. App. Phys., 108, 054318, (2010)
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4. Conclusion

In my thesis I introduced the optical properties of nanotubes and the details of wide range

spectroscopy. The concept of optical measurements is straightforward, but to perform them

on nanotubes we have to surmount many of technical difficulties. One of the issues is sample

preparation. Different procedures have been developed and the vacuum filtration technique

was found the most suitable for transmission measurements. With proper sample prepara-

tion the wide range spectrum can be easily obtained. We encounter further problems when

we attempt to calculate the optical functions from the transmission data. In the trans-

mission spectrum the optical properties of the material are mixed with the contribution

of the geometry. To extract the desired information we have to use model considerations

for the shape of the sample and for the measurement geometry. In the case of transmis-

sion measurements on free standing samples a single layer model is appropriate. In order

to calculate complex functions from the measured real spectra, we have to formulate the

Kramers-Kronig relations for our model system. Besides the wide range spectra, the thick-

ness of the sample is also required as an input parameter for this calculation. The thickness

determination on a macroscopic scale is a simple measurement, but in the range of hun-

dreds of nanometers we need a delicate instrument like an atomic force microscope. After

all these experimental challenges, we learn about the optical behavior of our sample, which

provides us with a wealth of information. Electronic transitions of both free and bound

carriers contribute to the optical spectrum. The chiral indices define almost every property

of nanotubes. Using rigorous analysis, supplemented by other optical techniques, we can

obtain an overall picture about the constituting nanotubes of the sample. In the case of

small diameter tubes even the chiral indices can be assigned. Besides the characterization,

optical spectroscopy is useful to monitor modification processes like doping, enrichment

or covalent functionalization. This latter is especially important in the field of nanotube

separation. The chemical reactivity of nanotubes depend on both diameter and tube type



4. Conclusion

(metallic/semiconducting). The proposed selectivity of such reactions can be tested with

optical spectroscopy. Not every application needs selected types of nanotubes. Nanotubes,

even in their unprocessed form, can be used as transparent conductors in special cases.

The hottest topic in this field is the replacement of the widely used tin doped indium oxide

(ITO). For nanotubes to be able to replace ITO we have to improve their optical and trans-

port properties. Besides the proper modification the characterization and comparison of the

modified samples are needed. We introduced a simple figure of merit for nanotube based

transparent conductors. With this method we can easily analyze the effects of modification

and decide wether the material is suitable for the chosen application. As we can see, optical

spectroscopy plays an important role in nanotube characterization. The presented methods

and techniques are the result of continuous development in the last twenty years and this

process is continuing, involving not only nanotubes but other interesting nanomaterials.
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5. Thesis points

1. Using wide-range transmission data and numerical simulations, I have shown that

the optical density approximation holds above 3000 cm−1. In the range of the free-

carrier absorption of metallic nanotubes, reflection distorts the linear relationship

between optical density and carrier concentration. Therefore, the proper method to

use for concentration evaluation is wide-range transmission spectroscopy followed by

Kramers-Kronig transformation to obtain optical conductivity [1].

2. (a) I performed wide range transmission measurements to determine the diameter

distribution of several differently produced single walled nanotube samples. Uti-

lizing the results of previous Raman and photoluminescence measurements on

individualized nanotubes I assigned the different (n,m) species to the optical

features [2,3].

(b) A selectively enriched nanotube sample was measured and compared to its start-

ing material. The enriched sample contains mostly (6,5) type semiconducting

nanotubes. I confirmed the enrichment based on the optical spectrum. Using

the spectrum of the enriched sample I am able to determine the frequency shift

due to the bundling.

(c) The curvature induced low frequency gap was analyzed in the case of differently

produced nanotubes. The diameter dependence of this peak is in qualitative

agreement with theoretical calculations of the curvature gap. These results in-

dicate that the peak reflects the electronic structure of the nanotubes and not

their morphology. The values of the modified samples deviate from this behavior.

This deviation can be explained with a simple model of p-doping. [3].

(d) I carried out detailed analysis on the spectrum of the enriched sample and

showed that the selective enrichment removed almost all metallic species. How-

ever, the presence of metallic residues can be demonstrated and I showed that



5. Thesis points

the diameter distribution of the metallic species changed only slightly despite

the enrichment process.

3. The effect of covalent functionalization using nucleophilic addition was investigated.

With the detailed analysis of the wide range optical conductivity spectra diameter

dependence was pointed out which can be explained by the curvature induced strain

in the electron system. The results were confirmed by Raman spectroscopic measure-

ments [4,5].

4. A new figure of merit was developed for nanotube based transparent conductors.

This simple method takes into account the special morphology of the nanotube net-

works. Moreover, the graphical representation makes it easy to predict the direction

of optimization [6].
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4. Á. Pekker, F. Borondics, K. Kamarás, A. G. Rinzler, D. B. Tanner, Calculation

of optical constants from carbon nanotube transmission spectra, phys. stat. sol. (b),

243, 3485-3488, (2006).
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Appendix A

Kramers-Kronig relations for single layer

transmission

This appendix contains the derivation of the Kramers-Kronig relation between the absolute

value of single layer transmission coefficient and its phase. The result already has been

published in the 70s, but the detailed calculation is missing in the literature.

First we investigate the limit of the dielectric function at infinite frequency:

ϵ(ω) = ϵ1 + iϵ2 → 1, when ω → ∞ (A.1)

Since we are working with wavenumbers in the following we use ν∗ instead of frequency.

ν∗ =
1

λ
=

ν

c
=

ω

2πc
, so ν∗ ∝ ω (A.2)

Wavenumber and frequency are proportional quantities so the limit of the dielectric function

is the same.

ϵ(ν∗) → 1, when ν∗ → ∞ (A.3)

Our starting point is (1.58) which contains the complex index of refraction (N̂).

N̂ = n+ ik (A.4)

Its real and imaginary part are in a well known relation with the dielectric function.

n =
{µ1

2

[
ϵ21 + ϵ22

] 1
2 +

ϵ1µ1

2

} 1
2

, k =
{µ1

2

[
ϵ21 + ϵ22

] 1
2 − ϵ1µ1

2

} 1
2

(A.5)
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Using these equations we can determine the limit of the complex index of refraction at

infinite wavenumbers.

N̂(ν∗) → 1, when ν∗ → ∞, (A.6)

and using (1.58), the limit of the transmission coefficient at infinity.

t(ν∗) → ei2πdν
∗
, when ν∗ → ∞ (A.7)

We will use this result to calculate Cauchy’s integral for the transmission coefficient.

Cauchy’s integral formula states that:

1

2πi

∮
f(z)

z − z0
dz = f(z0) (A.8)

From Cauchy’s integral theorem, the contour integral of an analytic function
(

f(z)
z−z0

)
along

a path not enclosing pole (z0) is 0. ∮
f(z)

z − z0
dz = 0 (A.9)

This can be used to define a Hilbert transformation like connection between the real and

imaginary part of f(z). In our case we take the logarithm of the transmission coefficient,

so the real part will be the square root of the transmission and the imaginary part will be

the phase.

f(ν∗) = ln t(ν∗) = ln
√
T + iϕ (A.10)

We do the (A.9) integration using (A.10) along the path showed in Figure A.1. We evaluate

the segments of the integration path separately. 1 + 2 is the integration on the real

axis excluding the infinitesimal vicinity of the pole1.

1 + 2 = P
∫ +∞

−∞

ln t(ν∗)

ν∗ − ν∗
0

dν∗ (A.11)

1 this is denoted by the principle value integral.
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Fig. A.1: The integration path used for (A.9). The radius of the semicircle is infinite. The
path does not enclose the pole so the integration along this path is zero.

We can rewrite (A.11) in a form where the integration goes from zero to infinity if we

exploit that ln t(ν∗) is an even function of ν∗.

P
∫ +∞

−∞

ln t(ν∗)

ν∗ − ν∗
0

dν∗ = P
∫ +∞

−∞

ln t(ν∗)

ν∗ − ν∗
0

ν∗ + ν∗
0

ν∗ + ν∗
0

dν∗ =

= P
∫ +∞

−∞

ln t(ν∗)ν∗

ν∗2 − ν∗2
0

dν∗ + P
∫ +∞

−∞

ln t(ν∗)ν∗
0

ν∗2 − ν∗2
0

dν∗ = ν∗
0P
∫ +∞

−∞

ln t(ν∗)

ν∗2 − ν∗2
0

dν∗ =

= 2ν∗
0P
∫ +∞

0

ln t(ν∗)

ν∗2 − ν∗2
0

dν∗ = 2ν∗
0P
∫ +∞

0

ln
√
T (ν∗) + iΘ(ν∗)

ν∗2 − ν∗2
0

dν∗ (A.12)

The final form containing T and ϕ is:

1 + 2 = 2ν∗
0P
∫ +∞

0

ln
√

T (ν∗) + iϕ(ν∗)

ν∗2 − ν∗2
0

dν∗ (A.13)

To evaluate 3 we use (A.8). The difference in this case is that we perform the integration

only on a semicircle, and in a clockwise direction.

3 = −iπ ln t(ν∗
0) = −iπ(ln

√
T (ν∗

0) + iΘ(ν∗
0)) (A.14)

4 is the integration on the semicircle with infinite radius.

4 =

∫
x

lim
|ν∗|→∞

ln t(ν∗)

ν∗ − ν∗
0

(A.15)

99



Appendix A. Kramers-Kronig relations for single layer transmission

We can change the integration variable from wavenumber to angle (Φ).

∫
x

lim
|ν∗|→∞

ln t(ν∗)

ν∗ − ν∗
0

=

∫ π

0

lim
|ν∗|→∞

i2πd|ν∗|eiΦi|ν∗|eiΦ

|ν∗|eiΦ − ν∗
0

dΦ =

= −2πd

∫ π

0

lim
|ν∗|→∞

|ν∗|2ei2Φ

|ν∗|eiΦ − ν∗
0

dΦ = −2πd

∫ π

0

lim
|ν∗|→∞

|ν∗|2ei2Φ

|ν∗|eiΦ − ν∗
0

· |ν
∗|eiΦ + ν∗

0

|ν∗|eiΦ + ν∗
0

dΦ =

= −2πd

[∫ π

0

lim
|ν∗|→∞

|ν∗|3ei3Φ

|ν∗|2e2iΦ − ν∗2
0

dΦ +

∫ π

0

lim
|ν∗|→∞

ν∗
0 |ν∗|2ei2Φ

|ν∗|2e2iΦ − ν∗2
0

dΦ

]
= −2πd [A+B]

(A.16)

To simplify the expressions we can utilize that the radius (|ν∗|) is infinity.

A =

∫ π

0

lim
|ν∗|→∞

|ν∗|3ei3Φ

|ν∗|2e2iΦ − ν∗2
0

dΦ =

∫ π

0

lim
|ν∗|→∞

|ν∗|eiΦ

1− ν∗20
|ν∗|2 e

−2iΦ
dΦ =

= lim
|ν∗|→∞

|ν∗|
∫ π

0

eiΦdΦ = 2i lim
|ν∗|→∞

|ν∗| (A.17)

B =

∫ π

0

lim
|ν∗|→∞

ν∗
0 |ν∗|2ei2Φ

|ν∗|2e2iΦ − ν∗2
0

dΦ =

∫ π

0

lim
|ν∗|→∞

ν∗
0

1− ν∗20
|ν∗|2 e

−2iΦ
dΦ = =

∫ π

0

ν∗
0dΦ = ν∗

0π

(A.18)

Thus 4 gives the following contribution to the integral:

4 = −2πd

(
ν∗
0π + 2i lim

|ν∗|→∞
|ν∗|

)
(A.19)

The integration path does not enclose the pole so according to (A.9) the integral equals to

zero:

1 + 2 + 3 + 4 = 0 (A.20)

After reassembling the equation we get:

1 + 2 + 4 = − 3 (A.21)

Substituting the expressions related to the different parts of the integral we get:

2ν∗
0P
∫ +∞

0

ln
√
T (ν∗) + iΘ(ν∗)

ν∗2 − ν∗2
0

dν∗ − 2πd

(
ν∗
0π + 2i lim

|ν∗|→∞
|ν∗|

)
= iπ(ln

√
T (ν∗

0) + iΘ(ν∗
0))

(A.22)
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Appendix A. Kramers-Kronig relations for single layer transmission

This gives the relations between the real and imaginary part of the transmission coefficient.

We are interested in the real part of this equation because it tells us how to calculate the

phase from the measured transmission.

−2ν∗
0

π
P
∫ +∞

0

ln
√
T (ν∗)

ν∗2 − ν∗2
0

dν∗ + 2πdν∗
0 = Θ(ν∗

0) (A.23)

If we take the imaginary part of (A.22) we get the relation in the opposite way. However

in this case we have an infinite part. This reflects that the phase of the system is defined

unambiguously.

2ν∗
0

π
P
∫ +∞

0

Θ(ν∗)

ν∗2 − ν∗2
0

dν∗ − 4d lim
|ν∗|→∞

|ν∗| = ln
√

T (ν∗
0) (A.24)

We can circumvent the principle value integration in (A.23) by the following relation:

−2ν∗
0

π
P
∫ +∞

0

ln
√

T (ν∗)

ν∗2 − ν∗2
0

dν∗ = −2ν∗
0

π

[∫ +∞

0

ln
√
T (ν∗)

ν∗2 − ν∗2
0

dν∗ −
∫ +∞

0

ln
√
T (ν∗

0)

ν∗2 − ν∗2
0

dν∗

]
(A.25)

This results in the relation between the measured transmission and the phase of the trans-

mission coefficient.

ϕ(ν∗
0) = 2πdν∗

0 −
2ν∗

0

π

∫ +∞

0

ln (
√
T (ν∗)/

√
T (ν∗

0))

ν∗2 − ν∗2
0

dν∗ (A.26)

This expression is similar to the one constructed for single interface reflection. The difference

is the additional part besides the integration.
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Appendix B

Nanotube evaluation

This appendix contains the details of the evaluation of nanotube spectra related to Section

3.2. For each sample the following information is contained:

1. Transmission spectrum and optical conductivity (σ). We calculated σ from

the transmission using the Kramers-Kronig relations and the Fresnel equations. We

show the optical conductivity also on a logarithmic frequency scale, to emphasize the

low-frequency features.

2. Parameters of the fitted oscillators. We fitted the optical conductivity using

the Drude-Lorentz model. The parameters are: center frequency ωc (0 for Drude

oscillators), ωp plasma frequency, γ linewidth. The assignment to specific sets of

peaks (M00, S11, etc.) is indicated by the color code given on each page.

3. Optical conductivity and the fitted oscillators.

4. Extracted peaks. In order to extract one specific set of peaks (M00, S11, etc.), the

oscillators assigned to other transitions are considered as background and subtracted.

The following information is available only for the undoped tubes:

5. Wavenumber ranges used in the diameter determination. The most abundant

nanotube types are determined using the first and third quantiles (Q1, Q3) of the

background corrected peaks. In the case of the CoMoCat samples the M11 peaks are

in the visible region and merged into the π-π* background. In the spectrum, only the

contributions from the most abundant metallic nanotubes are detectable. In this case

the energy ranges were determined by the parameters of the assigned Lorentzians:



Appendix B. Nanotube evaluation

[ωcL - γL/2 , ωcH + γH/2], where L and H denotes the Lorentzians with the lowest

and highest energy respectively. The determined wavenumber ranges were converted

to energy and corrected by the 0.07 eV shift due to bundling.

6. Nanotube species related to the defined regions, and their diameters.

7. Average diameters. Note: the average diameter of non-armchair nanotubes was

used in the evaluation of the diameter dependence of the low-frequency gap.

8. Graphical representation of the most abundant nanotube species.
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P2 sample 
 
 

P2-1. Transmission spectrum and optical conductivity  
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P2-2. Parameters of the Drude-Lorentz fit 
 

no. ωc (cm-1) ωp (cm-1) γ (cm-1) 
1 0 912.87 122.39 
2 0 4664.77 8925.15 
3 109.18 3008.04 336.44 
4 4908.04 1759.65 562.04 
5 5246.15 2857.45 756.01 
6 5409.27 2589.54 946.03 
7 6737.48 1447.11 1270.04 
8 7364.61 1596.01 1785.39 
9 8305.30 1750.20 1381.69 

10 8970.40 2137.42 960.50 
11 9447.19 1856.20 1056.51 
12 9761.61 1935.85 987.53 
13 10411.47 2191.64 1546.77 
14 11686.94 758.86 1012.19 
15 11377.46 1882.99 2261.45 
16 12524.14 1629.38 1346.43 
17 13298.50 1971.09 1193.68 
18 14110.29 1800.17 1370.85 
19 13861.28 1023.70 1406.14 
20 14620.66 637.87 726.61 
21 15346.52 2654.19 2517.34 
22 16802.21 1339.73 1341.38 
23 17681.72 638.67 901.83 
24 17933.50 1794.59 1841.78 
25 18893.65 1331.05 1353.31 
26 19532.79 790.66 993.87 
27 19238.52 91.22 281.71 
28 19998.04 1251.95 1189.57 
29 21186.35 906.85 977.98 
30 22472.19 675.58 1224.92 
31 23510.54 468.27 814.59 
32 30444.96 27361.14 37394.03 
33 35552.49 1775.99 3254.01 
34 36199.12 16529.94 12228.59 
35 51138.57 3045.19 4318.07 
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P2-3. Optical conductivity and the fitted oscillators 
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P2-4. The extracted M00, S11, S22, M11, etc. peaks 
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P2-5. The wavenumber ranges used in the diameter determination 
 

Wavenumber  ranges for diameter determination 
Semiconducting 4880 - 5811 
Metallic   12072 - 14970 

 
 
P2-6. Semiconducting and metallic nanotube species with transitions in the defined regions 
 

S11 (eV) n m d (nm)  M11 (eV) n m d (nm) 
0.779 15 4 1.377  1.918 9 9 1.238 
0.764 11 9 1.377  1.910 12 6 1.260 
0.762 15 2 1.278  1.891 16 1 1.312 
0.759 14 4 1.300  1.862 15 3 1.326 
0.757 14 6 1.411  1.831 11 8 1.312 
0.752 13 6 1.336  1.810 14 5 1.354 
0.740 12 8 1.384  1.754 10 10 1.375 
0.735 18 1 1.470  1.754 18 0 1.429 
0.729 13 8 1.457  1.746 13 7 1.396 
0.727 17 3 1.483  1.742 17 2 1.436 
0.723 11 10 1.444  1.709 16 4 1.455 
0.712 16 5 1.508  1.679 12 9 1.449 
0.707 17 1 1.391  1.661 15 6 1.487 
0.705 16 3 1.405  1.614 11 11 1.513 
0.700 15 5 1.431  1.610 18 3 1.562 
0.697 12 10 1.515  1.606 14 8 1.531 
0.692 14 7 1.470  1.577 17 5 1.586 
0.692 15 7 1.546      
0.680 13 9 1.521      

 
P2-7. The calculated average diameters 
 

average diameter (nm) 
semiconducting   1.426 
metallic    1.413 
overall    1.420 
non armchair metallic 1.421 
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P2-8. The most abundant nanotubes in the sample 
 
 

diameter (nm) 

 

 

 

metallic and small-gap nanotube 
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P3 sample 
 
 

P3-1. Transmission spectrum and optical conductivity  
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P3-2. Parameters of the Drude-Lorentz fit 
 

no. ωc (cm-1) ωp (cm-1) γ (cm-1) 
1 0 2843.68 919.47 
2 0 5119.54 17158.52 
3 49.47 2815.87 55.87 
4 5030.47 2060.45 1444.15 
5 5281.18 2537.70 1018.90 
6 5348.79 2235.41 1626.94 
7 6879.98 2006.69 1848.95 
8 8161.76 2347.00 2332.89 
9 8888.00 1384.98 1153.87 

10 9334.38 1873.54 2100.22 
11 9675.38 2618.39 1613.80 
12 10517.89 1654.13 1493.25 
13 11524.07 1536.96 1848.86 
14 12448.56 1168.45 1745.29 
15 12849.49 354.78 1047.63 
16 13229.72 524.99 762.82 
17 13452.65 1741.21 1935.54 
18 14096.60 338.95 615.86 
19 14352.83 2148.29 2387.29 
20 15332.32 418.71 1773.76 
21 15455.62 779.80 1430.99 
22 16821.69 1145.05 2375.76 
23 17848.31 859.11 1218.96 
24 18853.58 763.86 1358.81 
25 19716.79 887.10 1389.93 
26 20079.59 336.18 646.38 
27 21201.01 476.16 662.89 
28 27473.58 26060.32 44901.15 
29 27731.00 727.07 2780.18 
30 37902.58 21852.20 17423.93 
31 53006.36 11823.29 16502.12 
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P3-3. Optical conductivity and the fitted oscillators 
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P3-4. The extracted M00, S11, S22, M11, etc. peaks 
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We considered that P3 has the same diameter distribution as the P2 sample (see data at the 
manufacturer's homepage: www.carbonsolution.com). 
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Laser - H sample 
 
 

Laser-H-1. Transmission spectrum and optical conductivity  
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Laser-H-2. Parameters of the Drude-Lorentz fit 
 

no. ωc (cm-1) ωp (cm-1) γ (cm-1) 
1 0 2860.01 677.94 
2 0 3672.86 12784.25 
3 113.64 2252.22 294.35 
4 5279.64 1677.75 663.25 
5 5636.09 2822.00 797.69 
6 5784.60 1495.97 3055.69 
7 6123.37 2837.02 994.25 
8 7697.80 2919.25 3438.45 
9 9516.67 1731.66 1299.72 

10 10245.78 1448.94 895.23 
11 10402.50 2519.23 2356.50 
12 11141.38 2891.14 2181.15 
13 12726.89 43.28 146.72 
14 14173.23 1809.07 2087.64 
15 15068.55 1832.85 1918.32 
16 15177.16 567.48 695.60 
17 16067.54 2022.53 2792.89 
18 18576.79 178.62 2238.12 
19 18876.11 604.15 766.85 
20 20008.50 1128.80 1482.04 
21 21352.77 540.70 1116.77 
22 22320.17 664.22 967.04 
23 27394.57 24248.80 37086.34 
24 36265.60 19446.55 14821.10 
25 58537.74 15920.59 35788.69 
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Laser-H-3. Optical conductivity and the fitted oscillators 
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Laser-H-4. The extracted M00, S11, S22, M11, etc. peaks 
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Laser-H-5. The wavenumber ranges used in the diameter determination 
 

Wavenumber  ranges for diameter determination 
Semiconducting 5330 - 6897 
Metallic   13901 - 16373 

 
Laser-H-6. Semiconducting and metallic nanotube species with transitions in the defined regions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Laser-H-7. The calculated average diameters 
 

average diameter (nm) 
semiconducting   1.247 
metallic    1.246 
overall    1.247 
non armchair metallic 1.247 

 

S11 (eV) n m d (nm)  M11 (eV) n m d (nm) 
0.926 12 4 1.145  2.104 11 5 1.126 
0.903 12 2 1.041  2.059 15 0 1.191 
0.903 11 4 1.068  2.039 14 2 1.199 
0.902 13 0 1.032  2.009 10 7 1.175 
0.896 10 6 1.111  1.984 13 4 1.222 
0.889 11 6 1.186  1.918 9 9 1.238 
0.879 9 8 1.170  1.910 12 6 1.260 
0.871 15 1 1.232  1.891 16 1 1.312 
0.858 14 3 1.248  1.862 15 3 1.326 
0.844 10 8 1.240  1.831 11 8 1.312 
0.833 13 5 1.278  1.810 14 5 1.354 
0.828 14 1 1.153      
0.827 13 3 1.170      
0.822 12 5 1.201      
0.812 11 7 1.248      
0.801 12 7 1.321      
0.794 10 9 1.307      
0.793 16 2 1.357      
0.779 15 4 1.377      
0.764 11 9 1.377      
0.762 15 2 1.278      
0.759 14 4 1.300      
0.757 14 6 1.411      
0.752 13 6 1.336      
0.740 12 8 1.384      
0.735 18 1 1.470      
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Laser-H-8. The most abundant nanotubes in the sample 
 

diameter (nm) 

 

 

 

metallic and small-gap nanotube 
 
semiconducting nanotube 
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Laser sample 
 
 

Laser-1. Transmission spectrum and optical conductivity  
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Laser-2. Parameters of the Drude-Lorentz fit 
 

no. ωc (cm-1) ωp (cm-1) γ (cm-1) 
1 0 3606.74 377.86 
2 0 3246.40 1799.59 
3 61.75 2992.44 107.61 
4 5212.01 1653.77 685.86 
5 5542.90 2479.65 745.60 
6 5832.15 2236.08 842.12 
7 6202.39 3375.54 1117.03 
8 7611.78 2901.03 2568.52 
9 9594.98 2653.75 1549.42 

10 10171.53 352.97 448.14 
11 10259.36 1870.93 985.05 
12 10800.47 3376.15 2546.96 
13 11180.21 3010.47 2121.53 
14 12834.64 1513.37 2229.95 
15 14160.04 2278.91 1620.59 
16 14985.70 1361.06 1099.88 
17 15288.63 1973.48 1619.41 
18 16265.62 2039.74 1993.61 
19 18127.81 1457.41 2367.26 
20 18878.82 610.16 753.96 
21 19970.67 1170.91 1253.65 
22 21439.97 927.45 1857.25 
23 25642.51 24706.75 31557.14 
24 35345.37 18212.15 15327.81 
25 61682.11 17262.33 12948.42 
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Laser-3. Optical conductivity and the fitted oscillators 
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Laser-4. The extracted M00, S11, S22, M11, etc. peaks 
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We considered that Laser has the same diameter distribution as the Laser-H sample, since 
the latter was obtained by annealing the former. 
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HiPco sample 
 
 

HiPco-1. Transmission spectrum and optical conductivity  
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HiPco-2. Parameters of the Drude-Lorentz fit 
 

no. ωc (cm-1) ωp (cm-1) γ (cm-1) 
1 0 5126.72 12159.54 
2 0 3494.28 1594.35 
3 154.69 3235.71 446.99 
4 4574.07 1373.81 1902.08 
5 5666.69 2196.64 1553.56 
6 6192.33 2011.29 941.86 
7 6710.79 2204.52 954.47 
8 7410.06 2384.62 1033.73 
9 8022.01 1609.64 1015.48 

10 8391.69 877.19 621.39 
11 8862.77 3563.70 2261.94 
12 10279.13 3174.48 2204.27 
13 11083.71 1461.72 1041.60 
14 11956.18 3093.47 1873.25 
15 12651.10 873.16 1211.19 
16 13261.32 2644.56 1901.44 
17 14300.51 2336.18 2211.32 
18 15111.89 1677.61 1420.31 
19 15868.28 1656.12 2111.96 
20 16401.71 1407.53 1420.37 
21 17580.28 2657.25 2661.70 
22 19320.08 1599.21 2196.02 
23 20156.92 580.86 941.60 
24 21828.04 1331.22 1947.45 
25 23708.20 683.85 1040.75 
26 25808.03 423.72 637.67 
27 29083.81 28592.97 36565.84 
28 35627.50 17246.71 14609.67 
29 42408.09 7196.89 12277.39 
30 51606.15 7879.52 7457.76 
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HiPco-3. Optical conductivity and the fitted oscillators 
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HiPco-4. The extracted M00, S11, S22, M11, etc. peaks 
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HiPco-5. The wavenumber ranges used in the diameter determination 
 

Wavenumber  ranges for diameter determination 
Semiconducting 5924 - 8440 
Metallic   15317 - 18612 

 
HiPco-6. Semiconducting and metallic nanotube species with transitions in the defined regions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
HiPco-7. The calculated average diameters 
 
 

S11 (eV) n m d (nm)  M11 (eV) n m d (nm) 
1.113 8 4 0.840  2.339 7 7 0.963 
1.112 7 6 0.895  2.336 10 4 0.992 
1.095 9 2 0.806  2.243 13 1 1.074 
1.083 10 0 0.794  2.220 9 6 1.038 
1.064 8 6 0.966  2.190 12 3 1.091 
1.062 12 1 0.995  2.111 8 8 1.100 
1.039 11 3 1.014  2.104 11 5 1.126 
0.996 9 5 0.976  2.059 15 0 1.191 
0.996 10 5 1.050  2.039 14 2 1.199 
0.995 10 3 0.936  2.009 10 7 1.175 
0.989 11 1 0.916  1.984 13 4 1.222 
0.983 8 7 1.032      
0.951 13 2 1.120      
0.942 9 7 1.103      
0.926 12 4 1.145      
0.903 12 2 1.041      
0.903 11 4 1.068      
0.902 13 0 1.032      
0.896 10 6 1.111      
0.889 11 6 1.186      
0.879 9 8 1.170      
0.871 15 1 1.232      
0.858 14 3 1.248      
0.844 10 8 1.240      
0.833 13 5 1.278      
0.828 14 1 1.153      
0.827 13 3 1.170      
0.822 12 5 1.201      
0.812 11 7 1.248      

average diameter (nm) 
semiconducting   1.067 
metallic    1.106 
overall    1.078 
non armchair metallic 1.123 
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HiPco-8. The most abundant nanotubes in the sample 
 

diameter (nm) 

 

 

 

metallic and small-gap nanotube 
 
semiconducting nanotube 
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CoMoCat CG sample 
 
 

CG-1. Transmission spectrum and optical conductivity  
 

10000 20000 30000 40000 50000
0

10

20

30

40

50

60

70

80

90

 Transmission
 Optical conductivity

 Wavenumber (cm-1)

T
ra

ns
m

is
si

on
 (

%
)

100 1000 10000
100

200

300

400

500

600

700

800

 Optical conductivity

 Wavenumber (cm-1)

 

O
pt

ic
al

 c
on

du
ct

iv
ity

 (
Ω

-1
cm

-1
)

CoMoCat CG
sample thickness: 125 nm

1 2 3 4 5 6

0

200

400

600

800

 Energy (eV)

 O
pt

ic
al

 c
on

du
ct

iv
ity

 (
Ω

-1
cm

-1
)

0.01 0.1 1

 Energy (eV)



 126 

 
 
 
CG-2. Parameters of the Drude-Lorentz fit 
 

no. ωc (cm-1) ωp (cm-1) γ (cm-1) 
1 0 10514.48 30068.55 
2 0 3276.97 1483.96 
3 192.88 3264.11 415.34 
4 4686.18 1528.20 1647.44 
5 5547.08 1717.51 1426.88 
6 6211.36 1814.33 1087.76 
7 6800.14 1935.12 949.09 
8 7480.94 2368.06 858.47 
9 8148.49 2623.72 1166.99 

10 8483.29 1624.23 691.15 
11 9102.31 2284.33 1261.51 
12 9782.15 2763.17 1210.73 
13 10439.48 1164.42 1182.40 
14 11242.06 2436.71 1803.03 
15 12264.05 2446.42 1957.35 
16 13376.87 2351.99 1545.71 
17 14544.81 2436.93 2017.53 
18 15226.19 1933.59 1471.20 
19 16565.46 2066.20 2049.04 
20 17672.86 2436.53 2438.35 
21 19356.83 1505.47 1711.46 
22 20392.47 926.58 1957.04 
23 21790.21 2091.53 2386.88 
24 23964.34 1392.05 1893.15 
25 26111.14 1399.13 1673.20 
26 28435.61 1038.47 1465.94 
27 30523.11 30056.74 63384.82 
28 34846.75 3403.22 5855.71 
29 36342.66 23077.90 21487.25 
30 54718.26 8149.25 22536.52 
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CG-3. Optical conductivity and the fitted oscillators 
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CG-4. The extracted M00, S11, S22, M11 peaks 
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CG-5. The wavenumber ranges used in the diameter determination 
 

Wavenumber  ranges for diameter determination 
Semiconducting 6466 - 9550 
Metallic   18501 - 26948 

 
CG-6. Semiconducting and metallic nanotube species with transitions in the defined regions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CG-7. The calculated average diameters 
 

average diameter (nm) 
semiconducting   0.966 
metallic    0.770 
overall    0.902 
non armchair metallic 0.795 

 

S11 (eV) n m d (nm)  M11 (eV) n m d (nm) 
1.241 7 3 0.706  3.328 7 1 0.599 
1.219 7 5 0.829  3.225 4 4 0.550 
1.194 11 0 0.873  3.109 6 3 0.630 
1.192 8 1 0.678  3.035 9 0 0.715 
1.177 10 2 0.884  2.947 8 2 0.728 
1.130 9 4 0.916  2.910 5 5 0.688 
1.113 8 4 0.840  2.767 7 4 0.766 
1.112 7 6 0.895  2.719 10 1 0.836 
1.095 9 2 0.806  2.614 9 3 0.859 
1.083 10 0 0.794  2.606 6 6 0.825 
1.064 8 6 0.966  2.474 12 0 0.953 
1.062 12 1 0.995  2.471 8 5 0.902 
1.039 11 3 1.014  2.434 11 2 0.963 
0.996 9 5 0.976      
0.996 10 5 1.050      
0.995 10 3 0.936      
0.989 11 1 0.916      
0.983 8 7 1.032      
0.951 13 2 1.120      
0.942 9 7 1.103      
0.926 12 4 1.145      
0.903 12 2 1.041      
0.903 11 4 1.068      
0.902 13 0 1.032      
0.896 10 6 1.111      
0.889 11 6 1.186      
0.879 9 8 1.170      
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CG-8. The most abundant nanotubes in the sample 
 

diameter (nm) 

 

 

 

metallic and small-gap nanotube 
 
semiconducting nanotube 
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CoMoCat SG sample 
 
 

SG-1. Transmission spectrum and optical conductivity 
 

10000 20000 30000 40000 50000
0

10

20

30

40

50

60

70

80

90

 Transmission
 Optical conductivity

 Wavenumber (cm-1)

T
ra

ns
m

is
si

on
 (

%
)

100 1000 10000

100

1000

 Optical conductivity

 Wavenumber (cm-1)

 

O
pt

ic
al

 c
on

du
ct

iv
ity

 (
Ω

-1
cm

-1
)

CoMoCat SG
sample thickness: 162nm 

1 2 3 4 5 6

0

200

400

600

800

 Energy (eV)

 O
pt

ic
al

 c
on

du
ct

iv
ity

 (
Ω

-1
cm

-1
)

0.01 0.1 1

 Energy (eV)



 131 

 
 
 
SG-2. Parameters of the Drude-Lorentz fit 
 

no. ωc (cm-1) ωp (cm-1) γ (cm-1) 
1 0 8718.39 15924.77 
2 0 107.99 133.83 
3 179.91 2391.58 402.81 
4 5994.56 3551.02 7373.83 
5 6944.47 1098.18 1725.56 
6 7564.00 477.47 503.59 
7 8368.06 1382.74 860.67 
8 9685.79 3379.72 887.10 
9 11000.81 1118.91 933.34 

10 11418.99 1255.05 1365.51 
11 14158.72 1552.23 2418.67 
12 14884.81 1146.02 1278.43 
13 17103.11 2510.98 1773.45 
14 19165.11 945.67 1395.26 
15 21327.88 1747.21 1839.70 
16 24275.66 994.77 1657.39 
17 25119.54 27878.50 54911.73 
18 26047.32 757.04 1839.26 
19 28356.79 2031.25 2030.41 
20 35352.83 23748.12 17542.52 
21 42454.77 12259.19 10635.23 
22 50232.19 10273.42 6643.31 
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SG-3. Optical conductivity and the fitted oscillators 
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SG-4. The extracted M00, S11, S22, M11 peaks 
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SG-5. The wavenumber ranges used in the diameter determination 
 

Wavenumber  ranges for diameter determination 
Semiconducting 8650 - 10303 
Metallic   18468 - 26967 

 
 
SG-6. Semiconducting and metallic nanotube species with transitions in the defined regions 
 

S11 (eV) n m d (nm)  M11 (eV) n m d (nm) 
1.347 6 2 0.572  3.328 7 1 0.599 
1.346 9 1 0.757  3.225 4 4 0.550 
1.299 8 3 0.782  3.109 6 3 0.630 
1.274 6 5 0.757  3.035 9 0 0.715 
1.260 7 0 0.556  2.947 8 2 0.728 
1.241 7 3 0.706  2.910 5 5 0.688 
1.219 7 5 0.829  2.767 7 4 0.766 
1.194 11 0 0.873  2.719 10 1 0.836 
1.192 8 1 0.678  2.614 9 3 0.859 
1.177 10 2 0.884  2.606 6 6 0.825 

     2.474 12 0 0.953 
     2.471 8 5 0.902 
     2.434 11 2 0.963 

 
 
SG-7. The calculated average diameters 
 

average diameter (nm) 
semiconducting   0.739 
metallic    0.770 
overall    0.755 
non armchair metallic 0.795 
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SG-8. The most abundant nanotubes in the sample 
 

diameter (nm) 

 

 

 

 

metallic and small-gap nanotube 
 
semiconducting nanotube 
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