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Abstract

In the course of this thesis, a thermal chemical vapor deposition (CVD) reactor was
designed, built and used to grow vertically and horizontally aligned carbon nanotube
arrays. The as-grown nanotubes were investigated on a single tube level using near-
infrared photoluminescence (PL) microscopy as well as Raman, atomic force and scan-
ning electron microscopy (SEM). For photoluminescence excitation (PLE) spectroscopy
of individual, semiconducting single-walled carbon nanotubes (SWNTs), a specialized
PL set-up was built allowing completely automated measurements within an excitation
wavelength range of ∼ 600 -1000 nm (employing 3 tunable lasers) and PL imaging with
a spatial resolution down to 400 nm.
The PL of as-grown, suspended nanotubes was compared to that of SWNTs in D2O/

surfactant dispersions as well as to SWNTs embedded in organic solvents. The observed
shifts of the characteristic optical transition energies E11 (emission) and E22 (excitation)
were attributed to changes in the nanotube surroundings. These result in different
dielectric screening of electronic excitations (excitons) in SWNTs.
We also compared the PL of CVD-grown SWNTs (air-suspended and surface-bound)

to that of deposited individual surfactant-coated ones at temperatures down to 4K and
observed PL intermittency and spectral diffusion at low temperatures only for the latter.
PLE spectra of air-suspended, CVD-grown SWNTs and of dispersions enriched in a

few chiralities enabled the first direct observation of two weakly emissive excitonic states
below the lowest optically active E11 exciton. Energy separations and intensities of these
states relative to the main E11 PL emission peak are discussed.
Our PL set-up was sensitive enough to detect the weak PL of as-grown SWNTs on

dielectric surfaces—in a configuration relevant for many proposed SWNT-based opto-
and electronic devices. This was used to image ultralong CVD-grown nanotubes on
Si/SiO2, to determine their chirality and to check structural integrity along the nanotube
length. Furthermore, ultralong SWNTs were manipulated (moved, bent and fractured)
employing an atomic force microscope. We demonstrate that PLE microscopy is a
powerful method to detect residual uniaxial and torsional strain in SWNTs. A peculiar
PL behavior was found at fractured nanotube sites.
Finally, a new approach to determine relative abundances and PL quantum yields of

semiconducting SWNTs in dispersions is presented, which is based on statistical counting
of individual nanotubes by means of PL spectroscopy.





Zusammenfassung

Einzelmolekülspektroskopie an Kohlenstoffnanoröhren und deren

Herstellung mittels chemischer Gasphasenabscheidung

Im Rahmen dieser Arbeit wurde eine Apparatur zur chemischen Gasphasenabschei-
dung entwickelt, aufgebaut und dazu verwendet, vertikal und horizontal ausgerichtete
Anordnungen aus Kohlenstoffnanoröhren wachsen zu lassen. So hergestellte, einzelne
Nanoröhren wurden sowohl mittels eines Photolumineszenzmikroskops (PL Mikroskop),
als auch mit Raman-, Rasterkraft- und Rasterelektronenmikroskopie untersucht. Für die
Photolumineszenz-Anregungs-Spektroskopie (PLE Spektroskopie) an einwandigen Koh-
lenstoffnanoröhren (SWNTs) wurde ein PL Lasermikroskop konstruiert, das automa-
tisierte Messungen in einem Anregungswellenlängenbereich von ∼ 600 -1000 nm (mittels
3 durchstimmbarer Laser) und die Aufnahme von PL Bildern mit einer räumlichen Auf-
lösung von bis zu 400 nm gestattete.
Die PL von direkt gewachsenen, frei hängenden SWNTs wurde mit der von SWNTs in

D2O/Tensid Dispersionen und ebenso mit der von SWNTs in organischen Lösungsmit-
teln verglichen. Die beobachteten Verschiebungen der charakteristischen optischen E11

Emissions- und E22 Anregungsenergien kommen durch Veränderungen in der Umge-
bung der Nanoröhren zustande. Dadurch ergibt sich eine unterschiedliche dielektrische
Abschirmung der elektronischen Anregungen (Exzitonen).
Ebenso wurde die PL von direkt gewachsenen SWNTs (frei hängend und auf der

Oberfläche liegend) mit der von einzelnen, aus D2O/Tensid Dispersionen heraus auf
einer Oberfläche abgeschiedenen SWNTs bei Temperaturen bis zu 4K verglichen. Nur
letztere zeigen bei tiefen Temperaturen PL-Blinken und spektrale Diffusion.
PLE Spektren von frei hängenden SWNTs und von Dispersionen, in denen einzelne

Chiralitäten angereichert waren, ermöglichten die erste direkte Beobachtung von zwei
tiefliegenden Exzitonenzuständen unterhalb des tiefsten optisch erlaubten E11 Exzitons.
Die energetische Position dieser Zustände, sowie deren Intensität im Vergleich zu der
E11 Emissionslinie werden diskutiert.
Das PL Mikroskop war empfindlich genug, um die schwache PL von direkt gewach-

senen SWNTs auf dielektrischen Oberflächen zu detektieren. Extrem lange, mittels CVD
auf Si/SiO2 synthetisierte SWNTs konnten so abgebildet, ihre Chiralität bestimmt und
die strukturelle Integrität entlang der Aufrollachse überprüft werden. Darüber hinaus



wurden solche Nanoröhren mittels Rasterkraftmikroskopie manipuliert (verschoben, ver-
bogen und zerrissen). Wir zeigen, dass PLE Mikroskopie eine leistungsstarke Methode
ist, um noch vorhandene axiale und torsionale Dehnung in SWNTs nachzuweisen. An
gebrochenen Stellen wurde bei Nanoröhren ein auffälliges PL Verhalten gefunden.
Schließlich wird ein neues Verfahren vorgestellt, mit dem relative Konzentrationen

sowie Quantenausbeuten dispergierter, halbleitender SWNTs durch statistisches Zählen
von PL Signalen bestimmt werden können.
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1 Introduction

The field of carbon nanotube research has evolved tremendously since it was triggered
by the observation of carbon nanotubes on the cathode of an arc discharge apparatus
used to produce fullerenes in 1991 [1]. Today, physicists, chemists, biologists, material
scientists and engineers push this interdisciplinary field further in both fundamental and
application-oriented directions. The large diversity of this research can be attributed to
many unique properties of carbon nanotubes.

Single-walled carbon nanotubes (SWNTs) are seamless cylinders out of rolled-up strips
of graphene (graphene is a monolayer of graphite). On the one hand, SWNTs can be
regarded as molecular systems due to their nanometer-sized diameters, but on the other
hand, their length of up to several centimeters yields an unprecedented length/diameter
aspect ratio of up to 107 and makes them quasi-one dimensional (1D) crystals, unique
in solid state physics. Additionally, the electronic band structure of carbon nanotubes
strongly depends on their geometry. Changing the geometry (diameter and roll-up angle
or chirality) of SWNTs, leads to either conducting or semiconducting behavior. Further-
more, the band gap of the semiconducting species can be adjusted over a wide range. No
doping as in traditional semiconductors is required and all nanotube species are made
purely of carbon. A wide group of semiconducting SWNTs show photoluminescence
(PL) in the near-infrared spectral region, which allows for their spectroscopic investiga-
tion and characterization [2]. This spectral window also facilitates possible applications
in biology and telecommunication. The atomic-scale perfection of continuous carbon
nanotubes and their close relationship to graphene makes them chemically inert and is
responsible for the Young’s modulus of about 1TPa for an individual SWNT [3] at a den-
sity of only ∼ 1.3 g/cm3.1 Moreover, the thermal conductivity exceeds that of diamond
and a single carbon nanotube can carry 1000 times more current than an imaginary
copper wire of the same diameter [4].

1Steel has a typical Young’s modulus of about 0.2TPa and a density of 7.8 g/cm3.
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1 Introduction

Owing to the aforementioned properties, applications like electrically and thermally
conductive composites and fibers, field emission cathodes, field emission transistors and
field emission displays, sensors, PL markers, electrodes in supercapacitors, fuel cells, Li-
ion batteries and many others have been envisioned and tested [5, 6]. From the viewpoint
of fundamental science, SWNTs have attracted much attention due to their quasi-1D
structure. An important example is the binding energy of excitons in semiconducting
SWNTs which is two orders of magnitude larger than in typical 3D semiconductors [7, 8].
One unsolved problem since the discovery of carbon nanotubes is related to the het-

erogeneous distribution of lengths, geometric and electronic structures and aggregation
states (bundles vs. individuals) produced by current synthesis methods. An important
direction of nanotube research is therefore the separation of these as-produced mixtures
[6]. Apparently, heterogeneous distributions produce an average response in spectro-
scopic studies of SWNT ensembles. The present work focuses on another possibility,
namely the investigation of SWNTs on an individual tube level. The methods used
encompass micro-photoluminescence excitation (µ-PLE) spectroscopy, µ-Raman spec-
troscopy, PL and Raman imaging, scanning electron microscopy (SEM), atomic force
microscopy (AFM) and their combination on the same nanotube. Apart from micro-
scopic studies, this work also describes the synthesis of vertically and horizontally aligned
carbon nanotube arrays via chemical vapor deposition (CVD). These as-grown SWNTs
were used for several experiments including investigations of (i) the influence of a dielec-
tric medium on the optical transition energies [9]; (ii) PL properties at low temperatures
down to 4K [10] and (iii) deep excitonic states below the optically active exciton [11].
Moreover, we characterized for the first time the PL of nanotubes grown in contact with
dielectric substrates e. g. Si/SiO2. In addition, µ-PLE spectroscopy was employed to
investigate the integrity of chirality and the influence of AFM manipulation on individ-
ual SWNTs [12]. Finally, a new method to count individual, semiconducting SWNTs
in water-surfactant dispersions via PL spectroscopy is presented and preliminary results
are shown [13].

2



2 Carbon Nanotube Basics

In the following sections, a condensed theoretical background is given about the proper-
ties of carbon nanotubes. This is essential to understand their spectroscopic behavior as
described in the next chapters. The background discussion starts with a characterization
of the geometric structure, continues with the electronic band structure followed by the
electronic density of states (DOS) of carbon nanotubes—in particular of single-walled
carbon nanotubes—and concludes with their optical properties [photoluminescence (PL),
absorption and Raman]. Mathematical derivations, physical arguments and notations
in these sections are partially based on those given in Ref. [14]. Finally, synthesis meth-
ods of carbon nanotubes [arc discharge, pulsed laser vaporization and chemical vapor
deposition (CVD)] are also discussed.

2.1 Geometric Structure

Single-walled carbon nanotubes (SWNTs) are hollow cylinders made of a single, two-
dimensional (2D) layer of graphite, called graphene. All sp2-hybridized carbon atoms are
therefore surface atoms. If the tube comprises of two or more concentric hollow cylinders,
it is termed a double- or multi-walled carbon nanotube (DWNT or MWNT), respectively.
Typical SWNTs have diameters on the order of 1-2 nm and can nowadays be grown up to
centimeters in length [15]. This aspect ratio of ∼ 107 makes them unique and interesting
quasi-one dimensional (1D) objects. MWNTs possess similar lengths but much larger
diameters (typically 5 -100 nm). The discovery of MWNTs is normally credited to S.
Iijima in 1991, but publications as early as in 1952 by L.V.Radushkevich et al. and 1976
by A. Oberlin et al. showing similar high-resolution transmission electron microscopy
(HRTEM) images of MWNTs should be mentioned, as well [1, 16, 17]. SWNTs were
first described in 1993 independently by Ijima et al. and Bethune et al. [18, 19]. For
a detailed discussion about who should be given the credit for the discovery of carbon

3



2 Carbon Nanotube Basics

nanotubes see Ref. [20]. SWNTs are of more fundamental interest and were mostly dealt
with in this work, so the following discussion focuses on SWNTs.
The geometric structure of SWNTs is strongly related to that of graphene. Fig. 2.1

shows the hexagonal honeycomb lattice of a graphene sheet, including the definition of
the primitive unit cell and the lattice vectors ~a1 and ~a2. The primitive unit cell is a
rhombus containing two (highlighted) carbon atoms but only one lattice point. The
lattice vectors ~a1 and ~a2 form a 60◦ angle and are expressed in Cartesian coordinates as:

~a1 =

( √
3a0

2
a0

2

)
, ~a2 =

( √
3a0

2

−a0

2

)
(2.1)

with a0 = |~a1| = |~a2| =
√

3aC−C = 2.46Å where aC−C = 1.42Å is the carbon-carbon
bond distance. The lattice vectors of graphene are now used as a basis for the so-called
chiral vector ~c = n1~a1 + n2~a2 along which the sheet is rolled up in such a way that ~c
becomes the circumference of the tube. A (theoretically infinitely long) strip is cut out
of the graphene lattice along two lines perpendicular to ~c and both are superimposed.
The resulting SWNT is usually denoted a (n1, n2) tube. Fig. 2.1 indicates this procedure
for the case of a (6, 4) tube. The z-axis of a tube is perpendicular to ~c and points in
the direction of its length. SWNTs with n1 = n2 and (n1, 0) are special cases and are
called armchair and zig-zag SWNTs, respectively. The name stems from the pattern of
the carbon atoms along ~c, also indicated in Fig. 2.1 for (6, 6) and (6, 0). The chiral angle
θ is measured from the zig-zag direction and can be calculated using

cos θ =
~a1 ·~c
|~a1| · |~c |

=
n1 + n2/2√

N
with N = n2

1 + n1n2 + n2
2 (2.2)

For each (n1, n2) with n1 ≥ n2 ≥ 0, θ runs between 0◦ and 30◦. For 30◦ ≤ θ ≤ 60◦,
equivalent SWNTs are formed but the chirality changes from left-handed to right-handed.
(n2, n1) is therefore the enantiomer of a (n1, n2) tube (if n1 6= n2 6= 0). Due to the
hexagonal symmetry of graphene, chiral vectors with θ ≥ 60◦ are equal to those below
60◦. Hence, the restriction to the case n1 ≥ n2 ≥ 0 (or 0◦ ≤ θ ≤ 30◦) is normally
sufficient. Both zig-zag (θ = 0◦) and armchair (θ = 30◦) tubes are achiral.
The circumference of a SWNT is given by the length of ~c. Thus, the diameter can be

calculated by

d =
|~c |
π

=
a0

π

√
N (2.3)
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2.1 Geometric Structure
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Figure 2.1: 2D graphene honeycomb lattice showing the construction of a nanotube unit
cell for an exemplary (6, 4) tube (grey rectangle). ~a1 and ~a2 are graphene lattice vectors
used as basis for the nanotube chiral vector ~c = 6~a1 + 4~a2 in circumferential direction and
~a = 7~a1 − 8~a2 defining the minimum translational period in z-axis direction. The SWNT is
formed by superimposing both indicated ‘cutting’ lines. Zig-zag and armchair direction as well
as structural motifs are indicated for (6, 0) and (6, 6). Adapted from Ref. [14].

The size of the carbon nanotube unit cell in z-direction is determined by ~a (see Fig. 2.1).
This vector is perpendicular to ~c and its length |~a| = a defines the repeated translational
period along the tube axis. Direction and length are given by

~a =
2n2 + n1

nR
~a1 −

2n1 + n2

nR
~a2 (2.4)

and

a =

√
3N

nR
a0 (2.5)
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2 Carbon Nanotube Basics

where n1 and n2 are the chiral indices, n is the greatest common divisor of (n1, n2) and
R = 3 if (n1 − n2)/3n is integer and R = 1 otherwise. The greatest common divisor of
(n1, n2) also corresponds to the number of graphene lattice points along ~c, denoted by
open circles in Fig. 2.1. Here, ~a = 7~a1 − 8~a2 and n = 2 (first and last circle coincide
when the sheet is rolled up). Thus, the nanotube unit cell is formed by a cylindrical
surface with height a and diameter d (gray rectangle in Fig. 2.1). It contains q hexagons
and, because of two carbon atoms per graphene unit cell, 2q carbon atoms per nanotube
unit cell (nc). q and nc are calculated using

q =
2N

nR
(2.6)

nc = 2q =
4N

nR
(2.7)

After having determined the unit cell of carbon nanotubes, it is important to note that
the chiral indices (n1, n2) critically affect the electronic properties of SWNTs. Simply by
going from a (10, 10) to a (10, 9) tube, the number of carbon atoms per unit cell increases
from 40 to 1084 and the electronic properties change from metallic to semiconducting,
whereas the diameter only decreases by 5% from 1.36 to 1.29 nm. The reason for this
abrupt change in electronic properties will be discussed in the next section.

2.2 Electronic Band Structure

To determine the electronic band structure of SWNTs, the so-called ‘zone-folding approx-
imation’ is the simplest approach. It requires the electronic band structure [or dispersion
relation, E(~k)] of a 2D graphene sheet which can be calculated using tight-binding, re-
fined tight-binding or ab-initio methods. As a nanotube is a subset of a graphene sheet,
the electronic band structure of a SWNT is a subset of the electronic band structure of
graphene, if effects due to curvature are neglected. In the following, the Brillouin zone
(BZ) of graphene and of SWNTs will be constructed in order to determine this subset.
The reciprocal lattice vectors of graphene, ~k1 and ~k2, are defined due to the transla-

tional invariance of the lattice via ~ai ·~kj = 2πδij with i, j = 1, 2 as

~k1 =

(
2π√
3a0

2π
a0

)
, ~k2 =

(
2π√
3a0

−2π
a0

)
(2.8)

Fig. 2.2 shows the orientation of ~k1 and ~k2 relative to the first Brillouin zone (BZ) of

6



2.2 Electronic Band Structure
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Figure 2.2: Illustration of the first BZ (in red) of graphene, a (6, 6) armchair, a (6, 0) zig-zag
and a (6, 4) chiral carbon nanotube, constructed using the equations given in the text. Note
the equal scale bars for the first 3 graphs and the doubling for the chiral SWNT. The high
symmetry points Γ, K and M are indicated for graphene as well as the dimensions of the BZs
of the three nanotubes. The BZ of the chiral SWNT is too long to be fully depicted in the
‘~k⊥-extended representation’ [21]. It consists of q = 76 parallel lines.

graphene which is depicted in red. Together, they constitute an angle of 120◦. The
diagram also defines the positions of the high symmetry points Γ, K and M. Γ is the
center of the BZ at ~k = 0. K and M are located at the vertices and in the middle of
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2 Carbon Nanotube Basics

each side of the BZ, respectively.
The reciprocal lattice vectors of a SWNT are calculated as for graphene using ai · kj =

2πδij, with ai now being ~a and ~c, respectively. Reciprocal lattice vectors are termed ~kz
for wave movement along the z-axis and ~k⊥ for circumferential direction. The calculation
yields:

~kz =

(
n2

q

)
~k1 −

(
n1

q

)
~k2 (2.9)

~k⊥ =

(
2n1 + n2

qnR

)
~k1 +

(
2n2 + n1

qnR

)
~k2 (2.10)

For an infinitely long carbon nanotube, ~k-vectors along ~kz are continuous, i. e. they can
take any value. The modulus of ~kz corresponds to the translational period a via:∣∣~kz∣∣ = kz =

2π

a
(2.11)

However, there are boundary conditions for ~k⊥, because in circumferential direction a
wave function can interfere with itself after one cycle. Hence, ~k⊥ becomes quantized.
Along the circumference, only integer multiples of the wavelength λ yield stationary
results. All other wavelengths will vanish by interference:

m ·λ = |~c | = π · d ⇒
∣∣~k⊥,m∣∣ = k⊥,m =

2π

λ
=

2π

|~c |
·m, (2.12)

where m is an integer which takes values −q/2 + 1, ..., 0, 1, ..., q/2 1. The first BZ of a
SWNT therefore consists of q lines parallel to the z-axis separated by

∣∣~k⊥∣∣ = k⊥ = 2/d

and of width 2π/a. Fig. 2.2 shows the first BZ in red for all SWNTs indicated in
Fig. 2.1 [armchair (6, 6), zig-zag (6, 0) and chiral (6, 4)], always relative to the first BZ of
graphene, denoted in gray. For all three carbon nanotubes, ~k⊥ is chosen to point up and
all graphs (including the diagram for graphene) are drawn to scale. For the (6, 4) SWNT,
the big translational period a yields a very narrow first BZ. In addition, it consists of
q = 76 parallel lines. Therefore, the scale was doubled relative to the other three and
only the central part of the first BZ is shown. In general, the number of allowed k-lines
increases (decreases) with increasing (decreasing) diameter, whereas their distance from
each other decreases (increases).

1This derivation uses the same arguments as for the rigid rotor. Thus, m also corresponds to the
quantum number of the electron angular momentum in z-axis direction which will be important for
the selection rules of optical transitions in carbon nanotubes in Sec. 2.4
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2.2 Electronic Band Structure

The electronic band structure of SWNTs can now be calculated by using the dispersion
relation of graphene, E(~k), and restricting ~k to vectors which belong to the BZ of a
carbon nanotube. Because the zone-folded line segments ‘cut’ the relevant energies out
of the band structure of graphene, they are also called ‘cutting lines’ [21].

The electronic band structure of graphene is shown in Fig. 2.3. Figure 2.3(a) was
calculated using the nearest-neighbor tight-binding approach with carbon 2s and 2p

atomic orbitals as basis (nearest-neighbor exchange integral γ0 = -3.033 eV and nearest-
neighbor overlap integral s0 = 0.129 eV for the π bands [22]). The Fermi level is set to
zero. Note that the π valence and π∗ conduction band touch at the K points. Thus,
graphene is a semi-metal (also called a zero gap semiconductor) as the Fermi surface
consists of only 6 points, i. e. the 6 K points of the BZ. To explain optical properties of
graphene and of carbon nanotubes, it is often sufficient to consider the π bands around
the K points only, as the smallest gap between the σ bonding and the σ∗ antibonding
bands is ∼ 6 eV. A 3D plot of the π valence and π∗ conduction band is depicted in
Fig. 2.3(b). Here, γ0 = −2.79 and s0 is approximated to zero making the 2 bands
symmetric. This is a good approximation for energies around the Fermi level and is
mostly used to derive zone-folding results for carbon nanotubes. The value of γ0 is
normally derived from a fit to experimental results and varies between 2.5 eV and 3 eV,
depending on the specific experimental method. Figure 2.3(c) shows an enlarged contour
plot of the π∗ conduction band around the K point. Note the trigonal symmetry of the
contour lines extending towards the M points. In Sec. 2.3 the purely circular contour
shown in Fig. 2.3(d) will be used to calculate the density of states (DOS) in a zero
order approximation. The differences caused by this approximation are generally called
‘trigonal warping effects’.

The explanation why SWNTs are semiconducting or metallic depending on their chiral
indices (n1, n2) is now straightforward in the zone-folding approximation. If the K point
of the graphene BZ is part of the nanotube BZ it will be metallic and semiconducting
otherwise. The BZs of the armchair (6, 6) and the zig-zag (6, 0) tube in Fig. 2.2 intersect
the K point of graphene and therefore both tubes are metallic. The (6, 4) tube misses
the K point of the first BZ (and also of the adjacent BZs, not shown) and exhibits a
semiconducting character. In general, the scalar product of two vectors belonging to two
reciprocal lattices is a multiple of 2π. This property is due to the translational invariance
of a lattice. If this correlation is applied to the K point of graphene at ~kK = 1

3
(2~k1 +~k2)
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Figure 2.3: Different representations of the electron energy dispersion relation for graphene.
(a) shows the bands calculated in the tight-binding approximation along the path K-Γ-M-K
(γ0 = -3.033 eV, s0 = 0.129 eV). π valence and π∗ conduction band touch at the K points
and are highlighted in red. Modified from Ref. [22]. (b) is a 3D diagram of only π and π∗

bands with s0 approximated to zero, making the two bands symmetric (γ0 = -2.79 eV). (c)
shows an enlarged contour plot of the π∗ conduction band around the K point, exhibiting
trigonal symmetry. Close to K, the circular contour depicted in (d) is often used for a first
approximation.

and the nanotube chiral vector ~c, one gets:

~kK ·~c = 2πp =
1

3

(
2~k1 + ~k2

)
(n1~a1 + n2~a2) =

2π

3
(2n1 + n2) with p ∈ Z (2.13)

using ~ai ·~kj = 2πδij with i, j = 1, 2. Transformation yields

3p = 2n1 + n2 (2.14)

which states that a tube is metallic if 2n1 + n2 is a multiple of three, or, equivalently,
if n1 − n2 is a multiple of three [the latter is the result when taking the K point at
~kK = 1

3

(
~k1 − ~k2

)
]. Hence, 1/3 of all possible nanotubes are metallic and 2/3 are semi-

conducting. All armchair tubes are metallic. The exact position of the K point between
two cutting lines for a semiconducting nanotube can be calculated by dividing the pro-
jection of ~kK on ~k⊥ by |~k⊥|:

~kK ·~k⊥
|~k⊥|2

=
2n1 + n2

3
(2.15)

or, again equivalently, (n1 − n2)/3 for the other K point. If (2n1 + n2)/3 = p is integer,
the pth cutting line (counted from the Γ point) hits the K point and the tube is metallic.

10



2.3 Electronic Density of States
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Figure 2.4: Three different configurations of nanotube cutting lines in the vicinity of the K
point drawn on top of the energy contour for the π∗ conduction band of graphene. (a) Metallic
nanotube, (n1 − n2) mod 3 = 0 with one of the cutting lines intersecting the K point. (b)
and (c) Semiconducting nanotubes from the S1 and S2 family with (n1 − n2) mod 3 = 1 and
(n1 − n2) mod 3 = 2, respectively. Note the different energy contours for the cutting lines
closest to K in (b) and (c), respectively. All three SWNTs are zig-zag or close to zig-zag tubes
and similar in diameter, e. g. (10,1), (10,0) and (9,1).

If (2n1 + n2) is not divisible by three i. e. if (2n1 + n2) mod 3 = 1 or 2, then the K point
is either at 1/3 or 2/3 of the distance between two adjacent cutting lines, giving rise
to two different, so-called ‘families’ of semiconducting nanotubes, S1 and S2. All three
cases are shown in Fig. 2.4 on top of the energy contour of the π∗ conduction band of
graphene. If this contour were circularly symmetric around K, S1 and S2 SWNTs would
be equivalent. But due to trigonal warping, the cutting line closest to K for S1 samples a
different energy contour compared to the same line for S2. The consequences of trigonal
warping will also be discussed in the next section.

2.3 Electronic Density of States

In the discussion of electronic and optical properties of SWNTs, the density of (elec-
tronic) states (DOS) is an essential quantity. It is calculated from the electronic band
structure and therefore depends dramatically on the dimensionality of the system. For
3D solids, the DOS typically rises proportionally to the square root of the energy. In
the 2D case, it exhibits a step-like function. In 1D systems like nanowires and quasi-1D
systems like nanotubes, a 1/

√
E-behavior is expected. Finally, the DOS is normally a

δ-function in 0D systems (like molecules or quantum dots). The density of states, n(E)

11



2 Carbon Nanotube Basics

for q 1D bands, (i. e. cutting lines with index m = −q/2 + 1...q/2), Em(kz), can be
expressed as [23]:

n(E) =
∂N(E)

∂E
=

2

q
∣∣~kz∣∣

∑
m

∑
i

∫ ∣∣∣∣dEm(kz)

dkz

∣∣∣∣−1

δ(kz − ki,m) dkz (2.16)

where ki,m is defined by E −Em(ki,m) = 0 i. e. the points where, for a given energy E, a
horizontal line E = const. intersects with Em(kz). Integration over the Dirac δ-function
takes the inverse derivatives at these points and the summation over i adds them up.
The sum over m includes the case of E = const. hitting more than one band. The factor
2 accounts for the two spin states and q

∣∣~kz∣∣ is the total length of the nanotube BZ.2

N(E) is the total number of electronic states per graphene unit cell below a given energy
E. Therefore, n(E) corresponds to the number of states per unit energy and graphene
unit cell or the DOS per every two carbon atoms.
The simplest approximation of the graphene band structure close to the Fermi level

(K point) is given by a linear dispersion relation:

E(~k) = ±
√

3

2
a0γ0

∣∣~k − ~kK∣∣ with
∣∣~k − ~kK∣∣ =

√
∆k2
⊥,m + ∆k2

z (2.17)

where ∆k⊥,m is the quantized component along ~k⊥ and ∆kz is the component along ~kz.
The upper part of this double cone is depicted in Fig. 2.3(d) as a contour diagram. In
order to find the quantization condition for ∆k⊥,m, the projection of ~k − ~kK on ~k⊥ is
calculated:

∆k⊥,m =
(
~k − ~kK

) ~k⊥∣∣~k⊥∣∣ =
2

3d
(3m− n1 + n2) (2.18)

This quantization forms the cutting lines on the double cone as shown in Fig. 2.5(a).
E(~k) of Eq. 2.17 now simplifies to Em(∆kz) and the inverse of the derivative in Eq. 2.16
is

∣∣∣∣dEm(kz)

dkz

∣∣∣∣−1

=

∣∣∣∣dEm(∆kz)

d(∆kz)

∣∣∣∣−1

=
2√

3a0γ0

∣∣∣∣∣∣
d
√

∆k2
⊥,m + ∆k2

z

d(∆kz)

∣∣∣∣∣∣
−1

(2.19)

=
2√

3a0γ0

|Em(kz)|√
Em(kz)2 − ε2m

(2.20)

2Note that in the integral, kz is a variable, ranging between −π/a and π/a, whereas
∣∣~kz

∣∣ denotes the
length of the nanotube BZ in z-direction.
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Figure 2.5: (a) Band structure of the π and π∗ bands around the K point of graphene,
approximated as two cones. The boundary condition for a metallic SWNT leads to q cutting
lines, one of them intersecting at the K point. (b) After calculation of the DOS according to
Eq. 2.16, the points of zero slope correspond to van-Hove singularities of the valence (Evi ) and
conduction bands (Eci ), respectively. i increases away from the Fermi level. Note the non-zero
DOS around the Fermi level for a metallic tube. E11 and E22 are transition energies for the
first and second optical excitation for light polarized parallel to the nanotube axis, respectively.
Modified from Ref. [21].

with

εm =

√
3

2
a0γ0∆k⊥,m = (3m− n1 + n2)

a0γ0√
3d

(2.21)

At the energies εm 6= 0, the derivative becomes zero and its inverse, and therefore the
DOS, diverges. These points of zero slope are called van-Hove singularities and are
characteristic for 1D systems. In Fig. 2.5(a), they are depicted as points on the cutting
lines. When inserting Eq. 2.20 into Eq. 2.16, the integration can be performed after
calculating the ki. Due to the symmetry of one cone, every nanotube band that is
intersected by a line E = const. is intersected twice (as long as |E| 6= |εm|), with equal
modulus of the slope. Thus, the summation over i can be resolved to a factor of 2:

n(E) =
4

q
∣∣~kz∣∣

q/2∑
m=−q/2+1

2√
3a0γ0

g(E, εm) (2.22)

=
2a0

π2dγ0

q/2∑
m=−q/2+1

g(E, εm) (2.23)
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2 Carbon Nanotube Basics

with

g(E, εm) =


|E|√
E2−ε2m

|E| > |εm|

0 |E| < |εm|
(2.24)

Fig. 2.5 demonstrates the key points of the previous derivation for the case of a metallic
SWNT and the labeling of the van-Hove singularities. For metallic nanotubes, the
DOS around the Fermi energy is finite whereas for semiconducting ones, EF is located
in the middle of the band gap. According to Eq. 2.21, the energies of the van-Hove
singularities are given by εm = ±ja0γ0/

√
3d with j = 3, 6, 9, ... for metallic and j =

1, 2, 4, 5, 7, 8... for S1 and S2 semiconducting SWNTs. εm = 0 corresponds to the Fermi
level. The energy differences Eii, i = 1, 2, ... between equal pairs of van-Hove singularities
in the valence and conduction band are experimentally accessible e. g. using absorption
or photoluminescence (PL) spectroscopy. Calculation of E11 and E22 yields:

For metallic SWNTs: EM
11 = 6a0γ0/

√
3d , EM

22 = 12a0γ0/
√

3d

For semiconducting SWNTs: ES
11 = 2a0γ0/

√
3d , ES

22 = 4a0γ0/
√

3d
(2.25)

Thus, in a zero order approximation, theory predicts the transition energies to be in-
versely proportional to the diameter of the nanotube. A diagram plotting the transition
energies Eii vs. tube diameter is generally called ‘Kataura plot’ after Kataura et al. [24]
who first used this graphical representation. Fig. 2.6(a) shows a theoretically calculated
Kataura plot using tight-binding with γ0 = -2.9 eV and s = 0, but including trigonal
warping. Each dot in the figure corresponds to one transition energy Eii(d) of one pair
of chiral indices, (n1, n2). The relations given in Eq. 2.25 form the central line of a band,
within which the dots are located. They do not collapse on a single line due to the trigo-
nal warping effect. The spreading increases for decreasing diameter and increasing index
i. Both can be understood in the context that the approximation of a linear dispersion
around the K point of graphene is only valid close to K. A decreasing diameter leads
to a larger spacing between adjacent cutting lines (the spacing is equal to 2/d) and an
increasing i corresponds to cutting lines further away from the Fermi level. Within one
Eii(d) band, metallic armchair tubes or semiconducting tubes close to armchair fulfill
the 1/d-behavior best and are located close to the middle of the band, whereas zig-zag
SWNTs deviate strongest and form the upper and lower bound thereof. The direction
of the deviation depends on (n1− n2) mod 3 which is seen best in Fig. 2.6(b). Here, PL
data of semiconducting SWNTs are plotted for the typical diameter range of a sample.
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Figure 2.6: (a) calculated tight-binding Kataura plot with γ0 = -2.9 eV and s = 0. Optical
transitions symmetric to the Fermi level are black and red for semiconducting and metallic
SWNTs, correspondingly. The approximate 1/d-curves from Eq. 2.25 run through the middle
of the bands. Modified from Ref. [25] (b) Experimental Kataura plot from PL spectroscopy
for λSii, i = 1, 2. S1 and S2 tubes are always on opposite sides of the (λ ∝ d)-median and the
sides are alternating with i. Modified from Ref. [2].

The ordinate in this experimental Kataura plot is the transition wavelength instead of
the energy, forming a linear λii(d) relation, depicted as two straight black lines. Quali-
tatively, the trigonal warping effect apparent in the experimental data shows the same
trend as the calculation: it tends to ‘fan out’ the linear relationship. Tubes close to
armchair [= small (n1 − n2) = θ close to 30◦] sit close to the median line, and SWNTs
close to zig-zag [= large (n1−n2) = θ close to 0◦] are further away. Additionally, λ11 (λ22)
is bigger (smaller) for S1 tubes and smaller (bigger) for tubes belonging to the S2 family.
The position below or above the median line for a certain nanotube alternates with the
band index i. This behavior can also be deduced from Fig. 2.4 when considering the
orientation of the cutting lines of armchair and zig-zag tubes relative to the orientation
of the energy contour around the K point.
The approximations of simple tight-binding, zone folding, linear dispersion around K
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2 Carbon Nanotube Basics

and the inclusion of trigonal warping presented in the last two sections are sufficient (and
computationally much cheaper than ab initio methods) for a qualitative understanding
of the properties of carbon nanotubes. So far, the effects of curvature as well as Coulomb
interaction between electrons were ignored. The results for long and narrow stripes of
graphene would have been essentially the same as for carbon nanotubes, and tight-
binding explicitly excludes electron-electron interaction. The effect of curvature, beside
a band-shift, is an opening of secondary energy gaps in the DOS of metallic nanotubes
around the Fermi level. Since this thesis mainly deals with semiconducting SWNTs and
since the gaps are quite small (on the order of kT ), this effect will not be discussed
further. However, Coulomb interactions have a great influence on optical properties of
SWNTs as will be explained in the next section.

2.4 Optical Properties

2.4.1 Overview

The most important optical methods used for the investigation of carbon nanotubes are
(resonance) Raman scattering, absorption and photoluminescence (PL) spectroscopy.
Raman spectroscopy was the first to be applied to bulk amounts of SWNTs in 1994 as
this method requires little or no sample preparation [26, 27]. Optical absorption spec-
troscopy of thin films of SWNTs was introduced in 1999 by Kataura et al. [24] and in
2002, Bachilo et al. first measured photoluminescence of SWNTs [2]. The reason why the
PL of SWNTs was first shown almost 10 years after the discovery of SWNTs was, on the
one hand, due to the low purity of nanotube material in early synthesis methods (i. e. arc
discharge methods [28]) and on the other, the requirement to isolate SWNTs from en-
vironmental interactions. Carbon nanotubes tend to form hexagonal-packed bundles
and ropes during the growth process because of high van der Waals binding energies of
typically 300meV/Å for a tube inside a bundle [29]. Intermolecular tube-tube interac-
tion average out the unique characteristics of individual SWNTs like chirality dependent
band gaps and sharp van Hove singularities. The need to break up the bundles led to the
use of surfactants, which, with the help of strong ultrasonic treatment, are able to indi-
vidualize the tubes and enclose them in a micelle, thus forming a metastable dispersion
and preventing reagglomeration. Bundles enclosed in a micelle exhibit higher densities
than individual ones and therefore allow a separation via ultracentrifugation. ‘Standard’
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2.4 Optical Properties

surfactants are sodium dodecyl sulfate (SDS), sodium dodecyl benzylsulfonate (SDBS),
sodium cholate (SC) and DNA/RNA fragments. The solvent used is normally D2O
because heavy water is almost transparent for wavelengths up to 1800 nm [30] and the
band gap of typical semiconducting SWNTs extends from ∼ 800 nm to the near infrared.
It is assumed that every SWNT synthesis method generates a more or less broad

Gaussian distribution of diameters (and lengths). Although it is highly desirable to
find a chirality selective production process, this has not yet been achieved and is part
of ongoing research (see e. g. Ref. [31]). Dispersing the tubes with a surfactant and
using ultracentrifugation can introduce selectivity e. g. according to diameter [32], elec-
tronic type [33] and even chirality [34, 35] if the parameters are chosen accordingly.
In general, however, it is expected that the SWNT diameter distribution pertaining to
a D2O/SDS/SWNT dispersion is only slightly different from that of the raw material.
Therefore, spectroscopic techniques applied to bulk amounts of such dispersions will typ-
ically probe an ensemble of SWNTs characteristic for the as-prepared material. Their
features will overlap and complicate the assignment to certain chiralities. The investi-
gation of single SWNTs, however, avoids the disadvantages of ensemble averaging and
the overlap of spectral features from tubes with different chiralities. Because bulk nano-
tube samples comprise of such a heterogeneous mixture of lengths, chiralities, bundles
and metallic/semiconducting types, single molecule spectroscopy techniques like micro
(µ)-Raman, -PL and -absorption have been applied to individual SWNTs or small en-
sembles thereof. This work deals with µ-Raman and µ-PL(E) spectroscopy3, but there
are other, more specialized techniques on the single tube level like Rayleigh scattering
spectroscopy [36–38], photocurrent [39] and electroluminescence spectroscopy [40, 41].
Either of the three standard spectroscopic techniques (Raman, absorption and PL),

for individual tubes or ensembles, requires the absorption/emission of a photon in the
optical frequency range by a SWNT. The selection rules for such a process will be
explained in the following subsection.

2.4.2 Selection Rules

An optical photon absorbed by a SWNT will excite an electron from the valence to the
conduction band and leave a hole behind. Due to the high DOS, optical absorption will
be dominated by transitions between different van Hove singularities. These transitions

3PLE stands for ‘photoluminescence excitation’, see subsection 2.4.3
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2 Carbon Nanotube Basics

cannot change the wave vector kz of the scattered electron because the photon wavelength
(λ ≈ 1 µm) is much larger than the length of the carbon nanotube unit cell (a ≈ 10 nm):

kph =
2π

λ
� kz =

2π

a
(2.26)

Thus, the transition can be considered vertical, i. e. ∆kz ≈ 0 in a band structure diagram
E(kz) which is, apart from the DOS picture, generally used to visualize optical transitions
(see Fig. 2.7).
Apart from vertical transitions, the selection rules depend on the polarization of the

electric field vector relative to the nanotube axis. Closely related to this is the band
index m which, except for running from −q/2 + 1 to q/2, is also the electron angular
momentum quantum number in z-axis direction. How it changes upon absorption of a
photon can be decided when considering the conservation of angular momentum. As
bosons, photons possess a spin of ±~ (left and right circularly polarized light) along the
propagation axis. If this axis is parallel to the z-axis of the SWNT, ∆m changes by +1

(for left handedness) or −1 (for right handedness). This is equivalent to light linearly
polarized (which can be regarded as a linear combination of equal amplitudes of left and
right circularly polarized light) perpendicular to the z-axis. If the axis of propagation
is perpendicular to the nanotube z-axis, m cannot change for circularly polarized light.
This corresponds to the situation of light linearly polarized along the z-axis. In this
thesis and in most other experiments, linear polarization is used, therefore:

∆m = 0 for ~E ‖ z and
∆m = ±1 for ~E⊥z

(2.27)

Transitions with ~E ‖ z are also called longitudinal, symmetric or parallel, and transverse,
asymmetric or cross-polarized for ~E⊥z. The dipole selection rules from Eq. 2.27 still
mostly apply after a more rigorous treatment using symmetry arguments [42–44] and
transition matrix element calculations [45], with the exception of some cross-polarized
transitions weakened/forbidden due to symmetry reasons [14]. The latter are of minor
importance for this thesis which deals mostly with parallel transitions.
For an assessment of the absorption cross section of a SWNT for different linear

polarizations, the ‘depolarization effect’ or ‘antenna effect’ plays a key role, as well
[46–48]. The underlying argument for this phenomenon is that for the calculation of
optical transition intensities in the dipole approximation, not the external electrical field
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2.4 Optical Properties

strength ~Eext of the incident light but the local electric field, ~Eloc is important. ~Eloc can
be expressed as the sum of ~Eext and a depolarization field ~Edp. ~Edp is due to induced
charges and aligns antiparallel to ~Eext. These induced charges form dipole moments
which align parallel to ~Eext [convention assigns opposite directions to the electric field
(from + to −) and the dipole moment (from − to +)]. Thus, the electric polarization
density ~P of the material (~P represents the dipole moment per volume) is parallel to
~Eext.

~Eloc = ~Eext + ~Edp = ~Eext −
N ~P

ε0
(2.28)

with ε0 being the permittivity of vacuum andN denoting the depolarization factor, which
depends on the geometry of the material and its orientation relative to the electric field
[49]. In a static approximation, no dipole moment is induced in an infinitely long cylinder
for ~E ‖ z and ~Eext = ~Eloc, N = 0. However, if ~E⊥z, charges are induced on the cylinder
walls that screen ~Eext and ~Eloc is reduced, with N = 1/2 [49]. This geometric effect is
due to the high aspect ratio of carbon nanotubes and leads to a strong suppression of
transverse transitions (with ∆m = ±1) in randomly aligned nanotubes.
Nevertheless, Maruyama et al. have attempted to measure transverse Raman spectra

on vertically aligned carbon nanotube films or ‘forests’ [50] as well as carrying out po-
larized PL spectroscopy in solution and in gelatin matrix [51, 52]. Some of the observed
weak features could be attributed to E12 and E21 transitions which should coincide
halfway between E11 and E22, using the linear dispersion approximation around the
graphene K point (see Sec. 2.3). Asymmetric transitions with ∆m = ±1 are transitions
between adjacent cutting lines. Thus, momentum conservation requires the angular mo-
mentum of the photon along z, ±~, to increase (decrease) the electron wave vector in
circumference direction by k⊥ = ±2/d:

Lz,ph = ±~ = rtube · pcirc =
d

2
· ~ · k ⇔ k = k⊥ = ±2

d
(2.29)

Figure 2.7(a) shows different optically allowed longitudinal and transverse transitions in
a simplified band structure diagram E(kz) for a typical semiconducting carbon nanotube
with a band gap (Eg) of ∼1 eV. Transitions 1-3 are longitudinal transitions with 1 being
the most probable, because it takes place between two van-Hove singularities. Transition
1 and 2 are absorption processes whereas transition 3 corresponds to the emission of a
photon. Transition 4 depicts a cross-polarized absorption (E21): kz remains constant
(the photon wave vector is negligible) but ~k⊥,m changes by ±2/d (transfer of angular
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Figure 2.7: Exemplary transitions in a simplified band structure diagram for a semiconducting
SWNT. Eg denotes the band gap. (a) Vertical optical absorption and emission processes. Tran-
sitions 1-3 are allowed for ~E ‖ z and 4 for ~E⊥z. (b) Optically forbidden, parallel transitions.
(c) Useful diagram for parallel transitions using the center of mass wave vector K instead of
the single-particle wave vector kz. Note that all transitions with K = 0 [green arrows in (a)]
and all (parallel) transitions with K 6= 0 [blue arrows in (b)] can be represented by the green
line and the blue area, respectively. Modified from Ref. [53].

momentum, + or − depends on the actual m indices of the bands involved). Since there
are two quasi-particles, an electron and a hole and two kinds of transitions for parallel
and cross-polarized light, it is useful to define a center of mass wave vector ~K which is
a 2D vector in the unfolded BZ of a SWNT:

~K =
~kc − ~kv

2
(2.30)

where ~kc and ~kv are the wave vectors of electron and hole in the conduction and valence
band, respectively. The origin of these vectors is the Γ point of the graphene BZ. For
transitions 1-3 in Fig. 2.7(a), ~K = 0. The transverse transition 4 has ~K = ±~k⊥/2.
Figure 2.7(b) depicts parallel transitions with ~K 6= 0. Such transitions are not allowed
optically. However, they become possible if phonon-assisted transitions are considered.
The diagram in Fig. 2.7(c) is a convenient representation of the center of mass energy
vs. the center of mass wave vector for parallel transitions. All transitions indicated by
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Figure 2.8: Schematic diagrams explaining PL and participating states in semiconducting
SWNTs. (a) and (b) Electron and hole in an oversimplified single-particle dispersion relation
and DOS diagram. ‘0’ corresponds to the Fermi level. (c) and (d) more accurate description of
singlet excitonic states and their irreducible representations in the wave vector group notation
for chiral and zig-zag tubes. A similar diagram can be constructed for metallic armchair SWNTs.
Colored (blue and red) bands show optically allowed, i. e. bright states. All other states are
dark. They are grouped according to the exciton envelope function Fν(ze − zh) which is either
even (ν = 0, 2, 4...) or odd (ν = 1, 3, 5...) upon z → −z operations. ν labels the levels in the
1D hydrogenic series. Adapted from Ref. [54–57].

a green arrow in Fig. 2.7(a) collapse onto the green line at ~K = 0 and all transitions
in (b) with ~K 6= 0 are within the blue area. Similar diagrams can be constructed for
cross-polarized transitions.

2.4.3 Photoluminescence and Absorption Spectroscopy

PL and absorption spectra can now be interpreted in terms of the selection rules given
in the last subsection. Figure 2.8(a) and (b) show the processes of absorption (blue
arrow), relaxation to the band gap (dotted arrow) and the emission of PL (red arrow) in
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a band structure and DOS diagram for a semiconducting SWNT. Typically, transitions
involving the second van Hove singularity are used to excite PL but higher excitations
(Eii with i > 2) are also possible. In order to find all semiconducting chiralities present in
a sample, photoluminescence excitation (PLE) spectroscopy is used, where PL emission
spectra are recorded while the excitation wavelength is changed. This builds up a 3D
‘map’ showing PL intensity vs. emission and excitation wavelength. Every spot in a
PLE map of SWNTs represents a single (n1, n2) species. For an example of such a ‘map’
which is often depicted as a contour plot, see page 76.

When the energy of an incoming parallel polarized photon is equal to Eii, it is ab-
sorbed, creating an electron in the conduction band and a hole in the valence band.
Both quickly (on the order of 100 fs [58]) relax to either the band gap of a semicon-
ducting tube or to the Fermi surface of a metallic SWNT. The excess energy is emitted
via phonons. In a metallic carbon nanotube, electron and hole always recombine non-
radiatively whereas in semiconducting species, a radiative decay via photon emission is
possible, leading to PL. From the absence of strong PL in SWNT bundles it is suspected
that rapid energy transfer processes take place from semiconducting to metallic SWNTs
in bundles of tubes. Lauret et al. obtained a relaxation time of 1 ps in the lowest valence
and conduction band for bundled tubes [58]. Luminescence corresponding to the E11

transition in individual SWNTs is associated with a recombination time of ∼ 20 - 180 ps,
depending on temperature and tube diameter [59] and thus corresponds to a process
1-2 orders of magnitude slower than the relaxation time in bundled tubes. This lifetime
difference explains the absence of PL in nanotube bundles: metallic SWNTs provide ad-
ditional and efficient non-radiative decay channels and quench the excitation. In small
bundles of only semiconducting SWNTs, a similar energy transfer towards the tube with
the lowest band gap is expected. Recent PL experiments on ensembles and individual
SWNTs show indications of a ‘Förster Resonant Energy Transfer’ (FRET) [60, 61].

Absorption spectroscopy can be performed with metallic and semiconducting SWNTs
for energies up to ES

33. Higher order transitions are obscured by the tail of a broad
π-plasmon resonance, peaking at about 4.5-5 eV [62, 63]. Direct absorption measure-
ments on individual tubes have not been performed yet due to the low absorption cross
section. Bundles of SWNTs show broad absorption signals in the energy ranges ES

11,
ES

22, EM
11 etc. which correspond to the Eii transitions of all chiralities present in the

sample, broadened by tube-tube interactions. Only after individualizing the tubes in
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a solvent/surfactant mixture is it possible to identify the fine structure of these signals
now corresponding to the transitions of different chiralities.

2.4.4 Excitons in Carbon Nanotubes

For a qualitative agreement of theory and experiment, tight-binding and zone folding
calculations yield quick results which can be interpreted intuitively. However, when it
comes to a quantitative comparison, deviations arise which can only correctly accounted
for by taking Coulomb interaction into account. The picture used so far was that of
individual, non-interacting electrons and holes and is now replaced by interacting elec-
trons and excitons. The importance of many body effects in SWNTs was first noticed in
the context of the ‘ratio problem’ [64, 65]: An experimentally obtained plot of E22/E11

vs. tube diameter extrapolated for large diameters yields a ratio of 1.7-1.8. According
to one-electron band theory, this ratio should approach 2 for d → ∞. The discrep-
ancy is resolved when considering Coulomb interaction between electrons in general and
electron-hole pairs created upon light absorption and bound by Coulomb interaction,
so-called excitons. The former effect tends to increase the band-gap and the energy of
higher order van Hove singularities due to repulsive interactions, the latter introduces
additional states below Eii due to strongly attractive electron-hole interactions. Al-
though these effects are of opposite signs, they do not cancel completely and there still
remains a notable blueshift of both E11 and E22 because the effect on the band gap is
larger [57, 66]. This net energy change decreases the d→∞ limit of the E22/E11 ratio
from 2 to 1.8.

Generally, excitons are classified into two limiting cases: Mott-Wannier-type [67, 68]
and Frenkel-type [69]. Frenkel-type excitons have large binding energies (on the order
of 1 eV) and average electron-hole distances of about the lattice constant. They are
common in insulators and ionic solids. Mott-Wannier excitons are generally found in 3D
bulk semiconductors like Si, Ge and GaAs. Due to a low binding energy (Eb) of only
1 - 50meV, they can only be observed in low-temperature experiments. Accordingly, the
average size of a Mott-Wannier exciton is much larger than the lattice constant. The
energy levels (En) and binding energy (Eb = Eg − E1) of a Mott-Wannier exciton in
a typical bulk 3D semiconductor can be calculated using a modified Rydberg formula,
employing the reduced effective mass of electron and hole (µ∗) and the dielectric constant
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of the material (εr):

En = Eg −
13.6 eV
n2

· µ
∗

µH
· 1

ε2r
with n = 1, 2, 3... (2.31)

where µH is the reduced mass of the hydrogen atom. In contrast, excitons in semicon-
ducting carbon nanotubes have a large (calculated) binding energy of up to 1 eV which is
mainly due to a confinement effect and a resulting enhancement of Coulomb interaction
in these quasi-1D systems [70, 71]. In metallic SWNTs, other conduction electrons shield
the attractive interaction and binding energies are much lower. Calculations show that
exciton size in z-direction is comparable to the lattice constant a for chiral tubes. There-
fore, excitons in most semiconducting carbon nanotubes are rather Frenkel-type than
Mott-Wannier-type. Nevertheless, hydrogenic-like exciton levels are found in SWNTs,
as well.
Figure 2.8(c) and (d) shows singlet excitonic levels in chiral and zig-zag SWNTs,

respectively. They are deduced from wave vector group theory and calculations for some
exemplary tubes and may not represent a correct relative ordering for all SWNTs [54–
57]. For the symmetry assignment of the exciton wave functions, the effective-mass and
envelope-function approximations were used (EMA) [72].

ψEMA(~re, ~rh) =
∑
v,c

Bvcφc(~re)φ
∗
v(~rh)Fν(ze − zh) (2.32)

Within this framework, the exciton wave function ψEMA is given as a linear combi-
nation of only those valence and conduction bands (φv and φc, respectively) which
contribute to a given van Hove singularity. Although Coulomb interaction mixes all
states, this is a good approximation for SWNTs with d < 1.5 nm with a large energy
separation of the van Hove singularities. However, the approximate exciton wave func-
tions ψEMA still possess the same symmetry as the full wave functions. The coefficients
Bvc are dictated by symmetry. Fν(ze − zh) are envelope functions which localize the
exciton in the relative coordinate ze − zh along the nanotube axis. The envelope func-
tion is either even (ν = 0, 2, 4...) or odd (ν = 1, 3, 5...) under z → −z operations.
For every envelope function Fν , there exist four (three) excitonic states for chiral (zig-
zag) nanotubes: A1(0), A2(0),Em′(k

′),E−m′(−k′) [A1u(0), A2u(0),Em′u(0) for ν even and
A1g(0), A2g(0),Em′g(0) for ν odd].4 With increasing ν, the energy separation between

4Note that the values of m′ and k′ will in general be different for each nanotube and also for each Eii

transition.
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the states as well as the separation within the ν = const. states decreases, until electron
and hole are no longer bound to each other for ν → ∞. This ‘series limit’ is depicted
as bold lines in Fig. 2.8(c) and (d) and complies with free electron and hole moving in
the conduction and valence band of the corresponding van Hove singularity. Hence, the
series limit formally corresponds to Eii in the single-particle picture. However, most of
the oscillator strength is now transferred to the lowest optically active exciton in each
series. They are responsible for the observed main absorption and emission signals in
SWNTs and are therefore still labeled Eii.
Although the number of states has greatly increased compared to the single-particle

picture, only few excitons can actually be observed experimentally. This can be explained
using group theory. For chiral (zig-zag) nanotubes, the ground state transforms as the
totally symmetric representation A1 (A1g) and the interaction between linear polarized
light parallel to the SWNT axis and the electric dipole moment as A2 (A2u). In the
dipole approximation, an optical transition between initial |i〉 and final |f〉 states is
allowed if the direct product between the representations of the dipole moment and the
electronic states contains the totally symmetric representation:

D|f〉 ⊗Dµ ⊗D|i〉 ⊇ A1 (2.33)

and for zig-zag tubes:
D|f〉 ⊗Dµ ⊗D|i〉 ⊇ A1g (2.34)

Additionally, as mentioned earlier, only transitions with K = 0 are optically allowed
due to linear momentum conservation. Therefore, only A2 excitons for chiral and A2u

excitons for zig-zag SWNTs are bright (i. e. optically active), illustrated in red and blue
for the first and second parallel optical transition in Fig. 2.8(c) and (d), respectively.
Even though group theory is useful for qualitatively assigning the symmetry and op-

tical properties (bright/dark) of excitons, only a calculation of energies and transition
matrix elements can yield their correct energetic order and oscillator strength. Most
calculations on an ab-initio level focus on thin armchair or zig-zag tubes to reduce com-
putational effort. Spataru et al. and others first use density-functional theory (DFT)
and the local density approximation (LDA) to calculate the ground state atomic struc-
ture and a mean field description of electronic states. Secondly, they apply one-particle
Green’s functions (so-called GW approximation) to account for the correct exchange and
correlation potential and finally the Bethe-Salpeter equation (BSE) which yields exciton
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states and optical transition strengths [6, 72]. Such calculations confirm the energetic
ordering of excitons in Fig. 2.8(c) and (d). In particular, they predict a dark singlet
exciton below the lowest bright singlet exciton for all semiconducting nanotubes. For
instance, Spataru et al. calculated energy spacings of ∼ 30meV for the (10,0) and (11,0)
nanotubes, strongly depending on diameter [73]. In addition to dark singlet excitons
levels, there are also optically forbidden triplet excitons which are even lower in energy
(another 10 - 20meV according to Spataru et al.). Only for A1(u) excitons, singlet and
triplet states are degenerate because the exchange interaction vanishes by symmetry
[57, 73]. In general, however, there is a lot of disagreement about the energy spacings
in the literature. For instance, reports about the energy difference of A2(u) and A1(u)

vary between 5 and more than 100meV. Similarly, triplet excitons are calculated to
be between 20 and 300meV below A2(u) [8, 56, 73–77]. For experimental observations
of so-called ‘deep’ excitonic states (states below the lowest optically active exciton) see
Sec. 5.3.

These dark excitons below the lowest bright exciton could explain the low PL quan-
tum yield η observed for semiconducting SWNTs. Ensemble measurements in aqueous
dispersions estimate it to be on the order of η = 0.01− 0.1% [65, 78–80] but Lefebvre et
al. reported a quantum efficiency of up to 7% for an individual, suspended semiconduct-
ing SWNT [81]. The determination of absolute nanotube quantum yields requires a lot
of assumptions like absorption cross sections and the amount of absorbers in the sample
(for ensemble measurements). This uncertainty partly accounts for the big spread in
η. On the other hand, all carbon atoms of a SWNT are surface atoms and the sur-
roundings have a big influence on the PL. In this respect, individual, suspended tubes
without an interacting matrix have less non-radiative decay channels than surface-bound
or micelle-encapsulated ones and should exhibit a higher η.

A Kataura plot in the single-particle picture is a diagram of measured or calculated
band transitions Eii vs. the diameter of SWNTs. In principle, this picture can be retained
for excitons. Although the excitonic picture is more complex, most of the excitonic states
are dark or have a very weak oscillator strength. A qualitative reason why most oscillator
strength is transfered to the lowest A2 (A2u) exciton in each band is the symmetry of
the envelope function Fν(ze − zh). For ν = 0 it resembles a Gaussian function and has
the same symmetry as a 1D harmonic oscillator for higher ν (∝ zν · e−z2). If an exciton
is to decay radiatively, both electron and hole must be found at the same position. For

26



2.4 Optical Properties

Fν odd, this probability is very low since the function has a node at ze − zh = 0 and for
ν = 2, 4, 6... the intensity around ze − zh = 0 is much lower than for ν = 0 [57]. The
Kataura plot can therefore be interpreted as the energy of the bright exciton state with
ν = 0 for each band-band transition as a function of tube diameter.

Apart from the ratio problem discussed above, direct experimental indication of ex-
citons in SWNTs was given by two-photon PLE experiments [7, 8]. Absorption and
emission in SWNTs is normally a single-photon process but at high excitation power
densities, two-photon absorption (TPA) can occur at an appreciable rate. TPA obeys
different selection rules than one-photon absorption (OPA). The irreducible representa-
tions of the dipole moment, Dµ in Eqs. 2.33 and 2.34 are now A2 ⊗ A2 = A1 for chiral
and A2u ⊗ A2u = A1g for zig-zag tubes. Thus, TPA will access A1 and A1g excitons.
Together with OPA, exciton binding energies can be estimated but the exact number is
model dependent. Wang et al. determined a binding energy of ∼ 400meV for SWNTs
with 0.8 nm diameter. Similarly, Eb ≈ 300− 400meV was determined for tubes between
0.68 and 0.9 nm in TPA measurements by Maultzsch et al.

Another strong indication that the optical properties of carbon nanotubes are exci-
tonic comes from the experimental observation of exciton-phonon complexes [82–84],
demonstrating both the existence of excitons and the central role played by phonons
in describing the excitation and recombination mechanisms in SWNTs. In a typical
PLE map, weak signals are observed above and below the main ES

22 absorption reso-
nances which are attributed to phonon sidebands (as provable by the energy shift of
13C enriched SWNTs compared to pure 12C nanotubes [52]). Qualitatively, the energy
separations of these phonon sidebands from the true excitonic transitions (also called
zero-phonon lines) are comparable to the energies of prominent Raman active modes.
However, the PL sidebands are quantitatively somewhat higher in energy which, ac-
cording to Ref. [85] is due to the existence of dark excitons roughly 30meV above the
optically active exciton that predominantly couple to the specific phonons. This shift and
also the lineshape rule out the possibility of a simple Raman process. Exciton-phonon
complexes are quasi-particles, in which electron, hole and phonon form an entity with a
specific binding energy, just like electrons and holes in excitons. In contrast, Perebeinos
et al. predict no phonon sidebands for pure band-to-band transitions. The Raman modes
which can be responsible for the creation of exciton-phonon complexes will be discussed
in the next subsection.
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2.4.5 Raman Spectroscopy

As mentioned in Sec. 2.4.1, Raman spectroscopy was among the first methods used to
study carbon nanotubes, because it requires little or no sample preparation and it can
be applied to metallic and semiconducting SWNTs. This subsection covers the most
important Raman active modes and what they tell us about the structure of a SWNT.
In first-order (= one-phonon) Raman spectroscopy, an incoming photon with (angular)
frequency ω1 and wave vector ~k1 interacts with an electronic excitation and scatters
inelastically under emission of a phonon of frequency ωph (~q), resulting in a photon ω2

(~k2). Energy and momentum are conserved:

~ω1 = ~ω2 ± ~ωph
~k1 = ~k2 ± ~q

(2.35)

where ± refers to Stokes and anti-Stokes scattering. Optical photons have negligible
momenta, thus ~q ≈ 0. In first-order Raman spectroscopy, only transitions around the
Γ point of the phonon dispersion relation of SWNTs are observed. The phonon disper-
sion relation E(~q) of carbon nanotubes can be constructed similarly to the electronic
dispersion relation [E(~k)] by applying the zone-folding approximation to the 2D phonon
dispersion relation of a graphene layer [21]. If, apart from the ground state, only vir-
tual excited states are involved in a first-order Raman scattering process, it is termed
non-resonant [see Fig. 2.9(a)]. If the incoming (ω1) or the outgoing photon (ω2) hits a
real electronic (excitonic for SWNTs) state of the system, single- (incoming or outgoing)
resonant scattering occurs [Fig. 2.9(b) and (c)]. The scattering amplitude and therefore
the Raman intensity is strongly enhanced in a resonant process, such that even Raman
spectra of individual SWNTs can be observed. Raman spectroscopy of nanotubes is al-
ways dominated by signals of tubes in resonance with the incident laser light. Moreover,
since a resonant process always includes the creation of an exciton, the same selection
rules as for absorption apply and PL signals are often observed together with Raman
bands and vice versa. Resonance Raman Spectroscopy (RRS) can be used to determine
chiralities present in an ensemble if the incident laser light is tuned. This procedure
is comparable to PLE spectroscopy although the small Stokes or anti-Stokes shift in
Raman spectroscopy creates technical difficulties.
Double-resonant processes as depicted in Fig. 2.9(d) and (e) should be even more

enhanced. However, (d) includes elastic scattering by a defect (dashed arrow) and (e)
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Figure 2.9: Schematic diagrams of Stokes Raman scattering processes in SWNTs. Solid and
open circles denote real and virtual states, respectively. (a)-(d) represent first-order (= one-
phonon) scattering and (e) is a second-order (= two-phonon) process. (a) Non-resonant, (b)
incoming single-resonant, (c) outgoing single-resonant, (d) and (e) double-resonant. The
dashed arrow in (d) indicates elastic scattering by a defect in the crystal. Anti-Stokes scattering
can be deduced by considering the time-reversed processes. Modified from Ref. [86].

involves consecutive scattering with two phonons which is not very likely in perfect,
infinitely long tubes. Whether they can be observed in SWNTs thus depends on the
product of enhancement factor and probability. It turns out that both, defect-induced
double-resonant process and second-order scattering, (also called ‘overtones’) are found
in SWNTs. In the following, the most important Raman active modes in SWNTs will
be discussed.
Radial Breathing Mode The radial breathing mode (RBM) is a low frequency,

first-order, totally symmetric Raman mode between 100 and 400 cm-1, depending on the
tube diameter. All carbon atoms move in phase in the radial direction creating a breath-
like vibration of the entire tube. Obviously, this mode has no counterpart in graphene,
but it is well known in Raman spectroscopy of fullerenes. Theoretical and experimental
results show that the RBM frequency (ωRBM) is inversely proportional to the diameter
d of the SWNT:

ωRBM =
A

d
+B (2.36)

The constants A and B are being determined experimentally and vary with environment:

• Suspended tubes: A = 204 cm-1nm, B = 27 cm-1 [87]

• SWNTs on a SiO2 substrate: A = 248 cm-1nm, B = 0 [88]

• Bundled nanotubes: A = 239 cm-1nm, B = 0 [89]
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• SWNTs dispersed in aqueous solution: A = 218 cm-1nm, B = 16 cm-1 [90]

The diameter dependent frequency of the RBM is the reason why the spectra of this
mode are largely used for the characterization of the diameter distribution in a carbon
nanotube sample. In so-called RBM resonance profiles, the RBM frequency shift as a
function of excitation energy is measured and the evaluated Eii and ωRBM values can
be used to assign chiral indices to the signals [90, 91].
D-Band The D-mode is a one-phonon, second-order, double resonance Raman

process, already depicted in Fig. 2.9(d). It includes the elastic scattering of an exciton by
a defect and is common to all sp2-hybridized disordered carbon materials (e. g. graphene
or amorphous carbon). It is observed at around ωD = 1350 cm-1 and becomes active
in carbon nanotubes due to the presence of defects, such as impurities (e.g. dopants),
vacancies, 7-5 pairs (a sidewall defect comprising of a carbon heptagon adjacent to a
pentagon), molecules linked to the SWNT sidewall, sp3-carbon or nanotube ends. The
intensity of the D-mode scales with the defect concentration [86, 92] and is thus widely
used for the characterization of the quality of SWNT samples. The exact position
of the band for a given nanotube depends on the excitation laser energy. Upon an
increase of excitation energy, ωD has to increase as well, in order to fulfill the double
resonance condition. For a given laser energy, different chiralities of isolated SWNTs
exhibit different ωD for the same reason. The observed band is therefore a sum of
different features originating from different chiralities [86, 93].

G-Band The G-modes are the highest energy, first-order modes in SWNTs and are
also known as high-energy or tangential modes (HEM or TM, respectively), because they
are identified with a tangential vibration of adjacent carbon atoms, parallel (so-called
longitudinal optical phonon, LO) and perpendicular (transverse optical phonon, TO) to
the tube z-axis. The G-band in SWNTs is named after the G-band in graphite where it
exhibits a single Lorentzian feature at ∼ 1582 cm-1.5 Due to the quantum confinement
of the phonon wave vector along the SWNT circumferential direction and zone folding,
theory predicts six G-modes for chiral, and three for achiral (zig-zag and armchair) nano-
tubes, with chirality and polarization dependent intensities [94, 95]. They group into two
separately observable components, G− and G+, at ∼ 1570 cm-1 and ∼ 1590 cm-1, respec-
tively. The G− feature is slightly diameter dependent and also sensitive to whether the
tube is semiconducting or metallic, showing an asymmetric Breit-Wigner-Fano (BWF)

5This is also the only G-band feature in MWNTs.
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lineshape and a lower frequency (at constant diameter) for the latter [96]. The G+

feature is independent of diameter.
G′-Band The G′- orD∗-band is the most intense two-phonon, second-order, double

resonance Raman feature present in SWNTs. It is the overtone of the D-band, thus
ωD∗ = 2ωD ≈ 2700 cm-1. Instead of involving a phonon and a defect as for the D-
band, another phonon is responsible for momentum conservation in the double resonance
process, see Fig. 2.9(e). The G′-band in graphene is a single Lorentzian feature and was
shown to depend on the number of graphene layers in a graphite sample with a few
layers (< 5 layers) [97, 98]. In SWNTs, there are sometimes two close features observed
for the G′-band which indicates the resonance with two different van Hove singularities
[99].

2.4.6 Conclusion to Spectroscopic Methods

The spectroscopic methods presented in the last subsections are very useful to char-
acterize a carbon nanotube sample in a quick and nondestructive way (as opposed to
e. g. diameter statistics obtained by high-resolution transmission electron microscopy,
HRTEM). Most importantly, they provide the possibility to assign (n1, n2) chiral indices
to spectroscopic signals. PLE spectroscopy was the first method which enabled Bachilo
et al. in 2002 to successfully assign (n1, n2) to experimentally measured E11 and E22

transition energies by comparison with a theoretical Kataura plot [2]. Theoretical and
experimental values of Eii showed a notable disagreement as they used tight-binding
calculations which did not include excitonic effects. However, the expected pattern was
similar and by using the RBM of some tubes, they were able to ‘anchor’ the assignment.
Subsequently, they extrapolated their empirical findings to a wide range of semiconduct-
ing SWNTs [100].
As mentioned earlier, RBM resonance profiles can also be used for a chirality assign-

ment, especially for the assignment of metallic SWNTs [88, 90, 101, 102]. However, this
is technically more challenging than PLE spectroscopy because of the small Raman shift
and the need for a lot of tunable lasers.
Closely related to the question of assignment is the issue of abundances of individual

chiralities in SWNT samples. Intensities in PLE contour maps are convoluted by the
absorption cross section σ and quantum efficiency η which are believed to depend on
chirality. Thus, for a determination of abundances via PL spectroscopy, η and σ have
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to be known. The exact relation of η and σ to the structure of SWNTs is still part of
ongoing research [103–105].
In this work, we show that the counting of individual SWNTs by µ-PL(E) spectroscopy

is also a possible route to determine chiral abundances of ensembles (see Sec. 5.5). µ-
PL(E) spectroscopy was also used to study environmental and excitonic effects (Sec. 5.1,
5.2 and 5.3), the homogeneity of chiral indices of ultralong nanotubes and the influence
of strain applied by atomic force microscopy (AFM) (Sec. 5.4). In addition, µ-Raman
spectroscopy helped in the optimization of the chemical vapor deposition (CVD) process
and was used to check the quality and diameter distribution of samples. The next chapter
deals with the details of this process and synthesis methods in general.
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2.5 Synthesis Methods of Carbon Nanotubes

The synthesis of carbon nanotubes currently faces four main challenges [6]: 1. Mass
production, i. e. the development of low-cost, large-scale processes for the synthesis of
high-quality nanotubes, including SWNTs; 2. Selectivity, i. e. the control over chirality,
diameter and length; 3. Organization, i. e. control over placement and orientation on a
flat substrate; and 4. Mechanism, i. e. an understanding of the processes of nanotube
growth.
There has been progress in each of these fields and covering all of them would certainly

go beyond the scope of this thesis. Therefore, this chapter gives a quick review of different
approaches for the synthesis of carbon nanotubes. The techniques can be divided into
three main classes:

• Arc discharge

• Laser ablation/vaporization

• Chemical vapor deposition (CVD)

All procedures use metal catalysts, especially transition metals like iron, cobalt, molyb-
denum, nickel and yttrium or mixtures thereof for the synthesis of SWNTs. Historically,
the arc discharge method was the first to successfully produce bulk amounts of SWNTs.
Together with the laser vaporization technique, it belongs to the high temperature syn-
thesis techniques with T & 3500 ◦C. At such elevated temperatures, the precursor
material (graphite and metal catalysts) is vaporized and SWNTs start to nucleate on
metal particles upon cooling. CVD is a low or medium-temperature synthesis technique
with T ≈ 600− 1200 ◦C. The lower temperature is favorable regarding industrial imple-
mentation and mass production, direct growth of SWNTs on integrated circuits and also
regarding selectivity. Thus, CVD methods have gained much attention in the last few
years and a substantial part of this thesis was attributed to the design, construction and
optimization of our own CVD set-up (see Sec. 3.3) Tubes from this set-up are mainly
used throughout this work.

2.5.1 Arc Discharge

In an arc discharge reactor, two electrodes made of graphite are brought closely to-
gether in an inert atmosphere (typically helium or argon) at reduced pressure (typically
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∼ 500mbar). Without a catalyst, Fullerenes and MWNTs are formed, when a DC dis-
charge (of about 300A per cm2 of electrode area) is ignited between the electrodes. In
order to make SWNTs, the center of the anode is usually filled with a mixture of cata-
lyst and graphite powder. During the process, SWNTs are formed on the cathode and
the anode is eroded (consumed). Yields estimated from scanning electron microscopy
(SEM) images between 10-20 wt% of SWNTs (referred to the total amount of evaporated
carbon) with average diameters of ∼ 1.4 nm are observed [106].

2.5.2 Pulsed Laser Vaporization

In a pulsed laser vaporization (PLV) set-up, focused laser pulses evaporate a target
made of sintered graphite and catalyst powder. The target is located inside a furnace
at 1150 - 1200 ◦C. A constant flow of argon at ∼ 500mbar cools the generated plume
and carries the nanotubes out of the furnace where they can be collected [107]. Thess
et al. reported an estimated SWNT yield of more than 70 wt% (relative to the total
evaporated carbon) and a medium diameter of 13.8±0.2Å with this method [108].
The PLV set-up at the University of Karlsruhe utilizes a pulsed Nd:YAG laser (Con-

tinuum ‘Powerlite’, Q-switched, 1064 nm, 0.5 J/pulse, 30Hz) which is focused on a pur-
chased rod-like target with a length of 50mm and a diameter of 10mm. The rod contains
1.2 atom% cobalt and nickel, respectively and is located in a tube furnace. The laser
beam hits the target at a 90◦ angle through a hole in the tube furnace, corresponding
to a T-like configuration [109]. The as-produced material typically contains up to 50
wt% SWNTs with a diameter between 0.9 nm and 1.4 nm as deduced from PLE mea-
surements [30]. PLV tubes from this set-up were used for projects which have already
been discussed in Ref. [110] and [111], and are therefore not part of this thesis.

2.5.3 Chemical Vapor Deposition

In contrast to the arc discharge or PLV process, the carbon feedstock in CVD is not
a carbon plasma but an ‘activated’ carbonaceous gas like methane, ethylene, acetylene
or carbon monoxide. Also hydrocarbons or alcohols which are liquids under ambient
conditions are used. Very often, auxiliary gases like hydrogen, argon, nitrogen or ammo-
nia are added. The activation of the molecules is achieved using a variety of methods,
which can be roughly summarized as (i) thermal and (ii) plasma enhanced (PE) CVD.
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The former applies higher temperatures to excite the precursors, whereas in PECVD
electromagnetic (DC or AC) fields are used to ignite and sustain electrical discharges.
CVD tubes in this thesis were produced by thermal CVD only.

Thermal CVD can further be divided into methods employing a floating or a supported
catalyst. For example, the HiPco process developed by Smalley et al. is a floating catalyst
CVD method [112]. HiPco stands for high-pressure carbon monoxide (CO) and refers
to a process, in which SWNTs grow in a flow of carbon monoxide at high pressure (30 -
50 bar) and temperatures of 900 - 1100 ◦C on catalytically active iron clusters in the gas
phase. The clusters are formed in situ from iron pentacarbonyl, Fe(CO)5, added to the
CO flow. Due to the high temperatures, Fe(CO)5 decomposes and forms iron clusters.
The clusters catalyze the formation of SWNTs through the disproportionation of CO on
their surface (Boudouard equilibrium). SWNTs are cooled and removed from the hot
reaction zone by a continuous gas flow. The raw material contains SWNTs in a purity
of up to 50 wt% and diameters between 0.7 and 1.1 nm [113].

The CVD reactor built as part of this thesis uses only supported catalysts. The
synthesis is therefore essentially a two-step process consisting of a preliminary catalyst
preparation step followed by the actual synthesis of the nanotubes. The advantage of
this approach is a high control over the placement and orientation of the tubes: by
patterning the catalyst, carbon nanotubes can self-assemble into predefined, aligned
structures during growth. Highly-oriented growth morphologies are either vertically
aligned carbon nanotube arrays (VANTAs, also called nanotube ‘forests’) or horizontally
aligned arrays. The former is only possible if the density and the growth rate is high
enough so that adjacent tubes can interact via van der Waals forces to gain rigidity, which
allows them to self-orient and grow perpendicular to the substrate. The latter needs an
aligning force such as an electric or magnetic field, the gas flow or the surface. Otherwise,
a random orientation is obtained. Low-density, horizontally aligned parallel SWNTs are
ideally suited for individual nanotube µ-PL(E) or µ-Raman spectroscopy, because the
polarization of the excitation light only needs to be adjusted once (i. e. mainly parallel
to the tube). The growth of VANTAs can also be favorable for spectroscopy on the
single tube level, if they mainly consist of MWNTs with only a low density of SWNTs
suspended in between (see Sec. 5.1).

It is generally accepted (and experimentally shown, e. g. by controlled atmosphere
electron microscopy, i. e. CVD inside a HRTEM) that nanotubes in medium temperature
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Figure 2.10: Carbon nanotube growth mechanisms. (a) Tip growth due to weak catalyst-
support interaction. (b) Base growth due to strong catalyst support-interaction. (c) Detailed
kinetic model for acetylene as carbon feedstock. (Right) (1) impingement of C2H2 molecules
onto the catalyst particle surface; (2) chemisorption and catalytic decomposition on the surface
of the catalyst particle; (3) surface-bulk penetration of carbon atoms with the rate constant
ksb; (4) formation of a disordered surface layer with thickness ∆m; (5) diffusion of carbon atoms
channeled by the disordered layer; (6) precipitation of carbon species into a nanotube with rate
constant kt. (Left) Mechanisms that finally stop the decomposition of C2H2 and terminate
the growth like (top) growth of a carbonaceous layer due to gas-phase pyrolysis products
or (bottom) catalyst deactivation, e. g. due to oxygen reduction at higher temperatures and
formation of an inactive layer. From Ref. [114].

CVD grow by the extrusion of carbon, dissolved in a metallic catalyst particle that is
oversaturated in carbon, and that the catalyst particles promote tip growth or base
growth (or both) depending on the interaction strength between the catalyst particles
and the substrate as depicted in Fig. 2.10(a) and (b) [115]. This model is similar to the
VLS model (vapor-liquid-solid), developed in 1964 to account for the growth of silicon
whiskers [116]. A consequence of this model is the relation between the size of the
catalyst particle and the diameter of the nanotube. It was shown in many experiments,
and also in this thesis (see Sec. 4.1), that the diameter of a catalyst nanoparticle is close
to the diameter of the tube [117–119].

However, the exact mechanisms depend crucially on parameters like catalyst and
catalyst pretreatment, temperature, carbon feedstock, mass flow, gas composition etc.
Fig. 2.10(c) shows a kinetic model deduced by Puretzky et al. from in situ measure-
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ments of VANTA growth [114]. They used a triple layer of evaporated aluminum, iron
and molybdenum (with thicknesses of 10, 1 and 0.2 nm, respectively) on a silicon sub-
strate as catalyst and an argon/acetylene/hydrogen gas mixture.6 The process that leads
to the formation of carbon nanotubes is shown on the right side of Fig. 2.10(c). C2H2

feedstock molecules at concentration n collide with the surface of a catalyst nanoparticle,
providing a flux of carbon-containing molecules, Fc1, to the surface of the nanoparticle.
A small fraction of these molecules bonds to the nanoparticle surface due to chemisorp-
tion and catalytically decomposes, producing the starting source of carbon atoms, NC ,
for nanotube growth. Carbon atoms are dissolved with the rate constant ksb, forming a
highly disordered ‘molten’ layer of thickness ∆m on the surface of the catalyst nanopar-
ticle. ∆m determines the number of walls of the carbon nanotube which is precipitated
with a rate constant kt from NB dissolved carbon atoms. Competing catalyst-poisoning
mechanisms [left side of Fig. 2.10(c)] are e. g. the growth of a carbonaceous layer contain-
ing NL1 carbon atoms, with the overall rate constant kcl. It is assumed that acetylene
forms gas-phase pyrolysis products of concentration np and that the flux of these prod-
ucts, Fc2, leads to the formation of a carbonaceous layer which in turn can be partly
dissolved by the catalyst nanoparticle with the dissolution rate constant kd1. Other de-
activating processes like formation of iron carbide, FeC3, change in the oxidation state
or diffusion of Si atoms from the substrate into the nanoparticle are summarized via the
introduction of an inactive catalyst layer, NL2. By solving the rate equations associated
with the above-mentioned processes, Puretzky et al. were able to fit in situ measured
growth rates, temperature dependences, terminal lengths and acetylene flow rate depen-
dences for VANTAs. The next paragraph gives a short historical abstract of VANTA
growth.

Vertically aligned arrays of carbon nanotubes The first VANTAs employing
a mesoporous silica template (which also served as a substrate), iron as a catalyst and
acetylene as feedstock gas were grown in 1996 by Li et al. [120]. The generated multi-
walled tubes grew up to 100 µm at a rate of ∼ 25 µm/h, covering a maximum area of
several square millimeters. Two years later, Ren et al. grew arrays of MWNTs up to
20 µm in height by PECVD without the use of a template. Instead, a 40 nm-thick layer
of radio frequency (RF) magnetron sputtered nickel on glass served as a catalyst. They
observed growth rates of 120 µm/h and the tubes covered an area of several square

6These parameters are close to the ones we used in Sec. 4.1.
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centimeters [121]. Fan and coworkers patterned the iron catalyst via electron beam
evaporation through shadow masks which caused the nanotubes to vertically align along
the pattern [122]. A big breakthrough was the introduction of so-called ‘supergrowth’ by
Hata et al. [123]. Not only were they able to grow 2.5mm high ‘forests’ within only ten
minutes, corresponding to an increase of average growth rate of more than two orders of
magnitude compared to former experiments, the VANTAs also consisted of SWNTs (and
DWNTs) without carbonaceous overcoating with an average diameter of 3 nm. Most
growth methods are limited by the low activity and the short lifetime of the catalyst.
Hata and coworkers solved this problem by introducing a small (in the ppm range)
amount of water vapor which presumably etches away or prevents amorphous carbon
coverage of catalyst nanoparticles and of the SWNTs [124]. Large-diameter SWNTs
made by the ‘supergrowth’ process are not suited for spectroscopic PL examination
because of IR absorption in most media capable of SWNT dispersion and because of
relatively insensitive detectors in this wavelength range. Maruyama et al. used ethanol
as carbon feedstock to grow VANTAs with SWNTs of 1 - 2 nm diameter [125]. Although
these SWNTs did not reach the same growth rate and had terminal lengths of only
several micrometers, they were ideally suited for cross-polarized RRS experiments [50].

The growth of VANTAs occurs predominantly via a base growth mechanism. This
can be shown because most VANTAs are easily removed from the substrate e. g. with
a razor blade and the catalyst layer remaining on the substrate can be reused several
times [123]. Other evidence like the distribution of catalyst material along the z-axis or
the direct laser ablation of the VANTAs tips during growth also show that the nano-
tubes grow mainly from their bases [126]. This is especially the case for evaporated and
sputtered catalyst layers. However, for the growth of very long, (several centimeters)
horizontally aligned nanotubes, a tip growth mechanism with a partially floating nano-
tube is assumed. A summary of the development of this growth morphology is presented
in the next paragraph.

Horizontally aligned carbon nanotubes In 1998, Kong and coworkers were
the first to grow horizontal SWNTs on silicon substrates patterned by electron beam
(e-beam) lithography with micrometer scale islands of catalytic material [127]. The
nanotubes were not aligned and had lengths up to 20 µm. By applying electric fields,
the same group succeeded in aligning SWNTs across lithographic ridges on a dielectric
substrate in 2001 [128]. In the absence of an electric field, the SWNTs grew into ran-
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domly suspended networks. Similar field-directed growth was observed by Joselevich et
al. who also successfully used ‘nanotube epitaxy’ i. e. the growth of SWNTs along well-
defined crystal surfaces for nanotube alignment [129, 130]. Another promising approach
to orient SWNTs is the use of the feeding gas to align SWNTs along the flow direction.
This was first discovered by Liu and coworkers [131–133]. By employing a fast-heating
CVD method, in which the Si wafer patterned with catalyst is heated quickly to the
reaction temperature by inserting the substrate into the center of a furnace, most re-
sulting SWNTs are long (up to a centimeter scale) and well-oriented after a growth time
of ∼ 10 minutes. The fast-heating is believed to cause convection of the gas flow due
to the temperature gradient between substrate and feeding gas. This convection lifts
the nanotubes upward and keeps them floating until they are caught by the aligning
laminar flow. Once they grow longer, they probably stick to the surface due to van der
Waals forces. If they were in fact growing from the base, touching the surface would
likely terminate their growth or produce a lot of loops and wiggles close to the catalyst
pad. However, this is not observed. Thus, the picture of a tip-growing SWNT, partly
bound to the surface and partly floating (‘kite-mechanism’ [134]) is most likely for such
very long horizontally aligned SWNTs. More recently, methods without the need of the
fast-heating step were developed [15]. Kim and coworkers for example demonstrated the
use of a small quartz tube inside a large tube to achieve better alignment [135]. Li et
al. reached alignment via a very low feeding gas flow [136]. Horizontally aligned arrays
of SWNTs from the group of Li were also used in Sec. 5.4.4 in this thesis.
CVD in general is a versatile method with which both the growth of bulk amounts,

and individual, well-organized structures of SWNTs can be realized. The vertically and
horizontally aligned arrays presented in this subsection are typical examples. However,
the involved growth mechanisms, especially the nucleation of SWNTs out of a catalyst
particle are still subject of intense theoretical and experimental research. A detailed un-
derstanding of these mechanisms is probably the key towards chirality selective synthesis
of carbon nanotubes in the future.
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In the following three sections, detailed descriptions of the photoluminescence micro-
scope, the Raman microscope and the chemical vapor deposition reactor are given. Apart
from standard scanning electron microscopy (SEM) and atomic force microscopy (AFM),
these were the main instruments used throughout the present work.

3.1 Confocal Photoluminescence Microscope

3.1.1 Overview

Spatially resolved photoluminescence (PL) spectroscopy requires coupling of a spectrom-
eter with a microscope. For the investigation of individual SWNTs or small ensembles
thereof, the standard body of an upright, technical, infinity-corrected microscope (Zeiss,
‘Axiotech vario’) was modified to a confocal near infrared (NIR) photoluminescence mi-
croscope. Reasons for choosing this type of microscope are two-fold. Firstly, due to its
stand height of 380mm, even bulky and heavy devices like a cryostat or a Diamond Anvil
Cell on a (x, y)-translation stage fit underneath the objective. Secondly, the highly mod-
ular design allows the construction of customized add-ons, enabling confocal and NIR
PL operation. Figure 3.1 shows a sketch of the whole set-up composed of the excita-
tion light sources (tunable lasers), microscope and spectrometer and detector. Light is
coupled into and out of the microscope via optical fibers. In addition to the PL mea-
surement mode, the microscope can be used as a normal light microscope, too. In the
following, a detailed description of all components will be given. Numbers in brackets
refer to Fig. 3.1.
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Figure 3.1: Sketch of the photoluminescence microscope. Yellow color represents broadband
visible light, laser excitation light between 600 and 1000 nm and PL emission light between
1000 and 1600 nm is drawn in red and dark-red, respectively.
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3.1.2 The Laser System

Carbon nanotubes optimally require a broad band of excitation energies, ranging from
visible to NIR, as opposed to standard fluorescence spectroscopy where only one exci-
tation wavelength is typically used to characterize a sample. Therefore, three different
tunable continuous wave (cw) lasers [Spectra Physics; (14), (17) and (19) in Fig. 3.1],
covering together approx. 600 - 1000 nm are used in this set-up. (14) is a dye laser (model
375B), using a solution of DCM in ethylene glycol as active laser medium. (17) and (19)
are Ti:sapphire lasers (model 3900S) equipped with different mirror sets. (18) is a 10W
argon ion laser (Spectra Physics, ‘Beam Lok 2060’) serving as pump source for the
above-mentioned lasers, guided by the flip mirrors (h) and (f). All tunable lasers were
originally equipped with a manual micrometer screw for wavelength control. It rotates
a birefringent filter inside the laser cavity, enabling different frequencies to overcome the
lasing threshold. These screws were replaced by motorized actuators (Physik Instru-
mente) and connected to a computer (13) to provide automated measurements. Flip
mirrors (f)-(i) are also equipped with electric servos to quickly switch between different
lasers. These are not computer-controlled because switching lasers requires a warm-up
period and sometimes additional fine tuning of the beam path.

With 7W pump power from the argon ion laser operated in the all-lines mode (mainly
488 and 514 nm), the dye laser has a tunable wavelength range of 613 - 707 nm; Ti:sap-
phire lasers I and II encompass 695 - 865 nm and 833 - 988 nm with 9W pump power,
respectively. The effective spectral range of the laser system is therefore 613 - 988 nm.
Output powers vary between 1.8W and 20mW (∼ 100:1) for different wavelengths. It
is highly desirable to excite nanotubes with a constant power irrespective of the wave-
length. This is done in real-time by a laser beam power stabilizer (21) and -controller
(24)(BEOC). The laser power controller (LPC) monitors the current of a Si-photodiode
(8) which is irradiated by light taken from the main beam via a thin fused silica beam
splitter (e). The reflectivity of fused silica is approximately wavelength-independent (be-
tween 600 and 1000 nm) whereas the current of the photodiode is wavelength sensitive.
The LPC is connected to the computer (13) via RS-232 and receives the current wave-
length and the desired output power. It then corrects the current of the photodiode
according to the wavelength, calculates the desired attenuation and adjusts the laser
power stabilizer (21) accordingly. The laser power stabilizer (LPS) is a liquid crystal
modulator directly positioned in the beam path. It has an optimal dynamic range of
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∼ 40:1. In order to reach a 100:1 ratio, an additional filter wheel (20) on a computer-
controlled rotary stage (Physik Instrumente) is installed in front of the LPS. The LPC
compensates for power fluctuations resulting from a change in the wavelength and also
for temporal fluctuations.
Laser light is coupled into a single-mode photonic crystal fiber [Crystal Fibre, (15)]

via a fiber coupler [Schäfter+Kirchhoff, (23)]. Standard glass single-mode fibers are
only suited for single laser lines or a limited wavelength range. In addition, they show
fluctuations in transmission and polarization angle upon bending or twisting, impeding
reproducible results. The photonic crystal fiber (PCF) is specified to preserve a TEM00

single-mode transmission and linear polarization over our entire wavelength range. Its
numerical aperture (NA) increases from 0.11 to 0.18 in the same range, requiring some
adjustments on the fiber coupler (23) and the collimating lens (b) for different lasers. As
already mentioned in chapter 2.4, optical properties of SWNTs depend crucially on the
polarization of incident light relative to the nanotube axis. Therefore, linearly polarized
light irrespective of wavelength is preferred. Light exiting the PCF shows TEM00 single-
mode behavior as confirmed by the eye over the entire visible range (600 - 750 nm) and
a very good bending stability. However, a rotation of the linear polarization vector
of up to 30◦ and ratios of I‖ to I⊥ from 7:1 to 50:1 for different wavelengths led to the
incorporation of a polarizing cube (6). This reduces the fluctuations to 2◦ and constrains
I‖/I⊥ after the objective to ∼ 50:1, independent of the wavelength. The reason why the
PCF does not maintain polarization as specified probably results from the fact that the
fiber coupler (23) does not allow precise alignment of polarization-maintaining fibers.

3.1.3 The Photoluminescence Microscope

The PL microscope consists of a manual focusing stage (10) combining 3 levels of fo-
cusing: (i) a crank on the top of the stand which moves the microscope body up to
22 cm, coaxial handwheels (ii) for coarse focusing and (iii) for fine focusing (2mm and
0.2mm per turn, respectively), both enabling a total travel of 15mm. Additional fo-
cusing without touching the microscope is done via a capacitively-controlled, three-axis
(x, y, z) piezo scanning stage, on which a sample is placed [Physik Instrumente, (12)]. It
is operated in closed loop and provides a resolution better than 5 nm at a full scanning
range of 200 x 200 x 20 µm. The piezo stage is connected to the computer (13) and is
itself mounted on a manual (x, y)-translation stage with 25 x 25mm positioning range
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Figure 3.2: Transmission spectra of combinations of beamsplitters and longpass filters. Optical
elements were numbered for clear reference. Left: Beamsplitter #044 and longpass filter #006
allowed excitation up to 800 or 860 nm, depending on the polarization. Onset of detectable PL
is at ∼ 950 nm. Right: Beamsplitter #045 and longpass filter #005 can be used up to 975 or
995 nm excitation. Onset of detectable PL is at ∼ 1120 nm. High transmission between 400
and 700 nm improves image brightness in optical mode.

(Newport). Besides fine focusing and moving, the piezo stage enables raster-PL-scanning
of the sample (see Sec. 3.1.6). Operation of the instrument includes two different modes:

PL measurement mode In the PL measurement mode, light leaving the PCF is
collimated by an achromatic lens (b) [adjustable in (y)-direction for alignment], polarized
in (x) or (z)-direction with (6) and reflected downward in (−z)-direction by a dichroic
beamsplitter [LOT-Oriel, (7)]. The dichroic beamsplitter is positioned at an angle of
45◦ and placed on a modified mirror mount for adjustment. Beamsplitter (e) extracts
a small fraction of light to the photodiode (8) for power measurement. Half-mirror (f)
is moved out of the beam path and the cold light source [Schott, halogen lamp with
an integrated IR filter, (16)] is turned off. Both beamsplitter (e), photodiode (8) and
mirror (f) are drawn above each other in Fig. 3.1 for the sake of clarity. In fact, they
are mounted in a horizontal [traveling in (x)-direction] slider next to each other, so that
switching between them simply requires moving the slider. The excitation light is then
focused onto the sample by an objective (11) (see Tab. 3.1). NIR-Photoluminescence
from the sample is collected by the same objective in a reflective geometry. PL passes
beamsplitters (e) and (7) with only minor losses and also longpass filter (d) which blocks
residual excitation light.
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Figure 3.2 shows transmission spectra of two suitable combinations of dichroic beam-
splitter (7) and longpass filter (d). The combination of beamsplitter #044 and filter
#006 is used for dye- and Ti:sapphire laser I and is suited for small diameter SWNTs
(e. g. HiPco material), which have higher excitation and emission energies than large
diameter SWNTs. For #045 and #005, the band edge is red-shifted and coincides with
the range of Ti:sapphire laser I and II. This combination is used for larger diameter
tubes (e. g. PLV or CVD-grown SWNTs). Figure 3.2 also shows the influence of s- and
p-polarized light on the transmission of beamsplitters #044 and #045, respectively. ‘s’
and ‘p’ refer to a linear polarization perpendicular (‘senkrecht’) and parallel to a plane
generated by the surface normal of the beamsplitter and the incident beam. On the one
hand, p-polarization yields better performance for NIR transmission but on the other,
the shift of the band edge reduced the usable bandwidth of the Ti:sapphire lasers. In this
work, mostly s-polarization was used but could be changed by rotating the polarizing
cube (6) by 90◦. With flip mirror (a) moved out of the beam, an achromatic tube lens
(c) focuses the PL on the entrance of a multi-mode glass fiber with a diameter of 400 µm.
The entrance of the fiber serves as a confocal pinhole and is attached to a customized
mount which allows adjustments along x, y and z axes. Adjusting the position of the
pinhole is critical for intensity optimization of the signal. A 400 µm-sized pinhole is too
large for a distinct improvement of resolution compared to standard microscopy [137].
Smaller diameter fibers (200, 100, 50 and 25 µm) were available but hardly used because
of too weak signals. Therefore, the resolution given in Tab. 3.1 is limited by the objec-
tive alone and not further improved due to confocality. Nevertheless, the arrangement
reduces stray light and thereby increases sensitivity.

Optical mode In the optical mode, light from the cold source [Schott, (16)] enters
the microscope through an optical fiber (9) and is used in the standard Köhler scheme
(utilizing an aperture- and field iris diaphragm as well as several lenses, not shown) to
illuminate the sample through the objective, with half-mirror (f) at an angle of 45◦. In
this mode, laser light is blocked by a computer-controlled shutter (22). Back-scattered
light is collected by the objective and passes through (with losses) half-mirror (f) and
dichroic beamsplitter (7). The quartz beamsplitter (e) and laser filter (d) are moved
out of the optical path and flip mirror (a) guides the light into a black and white
eyepiece camera (5), connected to the computer (13). In the current set-up, the dichroic
beamsplitter (7) cannot be removed from the optical path. It is, therefore, important
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3.1 Confocal Photoluminescence Microscope

Table 3.1: List of infinity-corrected objectives used for PL measurements on SWNTs. Reso-
lution corresponds to fwhm of the theoretical Point Spread Function (PSF)[138].

Company Model Mag./N.A. Working Lateral Remarks
distance res.
(mm) (µm)

Olympus MPlan 100xIR 100x/0.95 0.3 0.4 for NIR observation
Nachet PL.FL LD 40x/0.6 3 0.7 multi-diel. coating 800 - 1600 nm
Ealing IR Achromatic 15x/0.4 10 1 corrected for 0.85 and 1.3 µm
Leica HCX PL APO 100x/0.7-1.4 0.09 0.3 oil immersion, 0.17mm coverslip

for the beamsplitter not only to reflect excitation light between 600 - 1000 nm and to
transmit PL light above these wavelengths, but also to transmit visible light between
400 - 600 nm. This is done to some extent by both of the dichroic beamsplitters available
(Fig. 3.2). But since their transmittance in this wavelength region is quite low, the
maximum intensity of the cold light source had to be used, especially with beam splitter
#044 and highly magnifying objectives. In general, optical video images showed low
contrast and were only used for laser focal alignment purposes as well as sample retrieval.
All optical micrographs shown in this thesis were acquired with a standard bright-field
microscope, equipped with a color video camera (Leica DMRE).

For a measurement at a certain position on a sample, it is necessary to know where the
excitation light hits the sample. This laser focal alignment is done in a combination of
PL measurement- and optical mode by reducing laser intensity to a minimum, removing
longpass filter (d), flipping mirror (a) into the beam and switching on the cold light
source (16). In this way, the focal spot of the laser can be seen in the video image. The
focal point is then aligned to hit the sample approximately in the middle of the field of
view of the video camera and the position is marked in the video software (WITec).

Switching between PL measurement- and optical mode requires touching the micro-
scope which normally means that the current position on a sample is lost. This is
problematic if individual nanotubes on a surface are under investigation. Optical com-
ponents inside the microscope show a small misalignment for the two modes resulting in
an additional change in focus. Thus, the microscope stays in the PL measurement mode
once the desired position is found optically. However, due to thermal drift of the micro-
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scope body, the laser focus moves with time (∼ 1 µm on a time scale of several hours),
requiring additional corrections or the use of photoluminescent markers as described in
Ref. [110, 111].

3.1.4 Spectrograph and Detector

For PL spectroscopy on nanotubes and especially on individual SWNTs, a highly sensi-
tive NIR detection system is needed. Most research groups working on the PL of SWNTs
currently use Indium-Gallium-Arsenide (InGaAs) detectors which show a high quantum
yield for wavelengths up to 2200 nm. Our set-up employs a 300mm spectrograph [Roper
Scientific, ‘Acton SpectraPro 2300i’, (2)] which can be equipped with up to 3 different
gratings and a 1D InGaAs photodiode array [Princeton Instruments, ‘OMA-V’, (1)].
Two gratings are installed in the spectrometer, one with 830 grooves/mm, blazed

for 820 nm and one with 150 grooves/mm, blazed for 1200 nm. The former is used
to calibrate the lasers, i. e. to correlate the position of the actuators to the output
wavelength. Only the latter is typically used for the PL of nanotubes1. The relatively
low number of grooves generates low losses and covers a spectral region of ∼ 530 nm.
Additionally, all mirrors and gratings inside the spectrometer are gold-coated.
The detector is a linear photodiode array with 1024 pixels (each 25 x 500 µm), cooled

to -100 ◦C with liquid nitrogen. Its specified spectral range is between 950 and 1600 nm
with a quantum efficiency of 75-80%. The sensitivity drops off quickly outside this range.
Spectrograph and detector are calibrated using a xenon gas discharge lamp (LOT Oriel).
The best achievable wavelength accuracy is on the order of ±1 pixel, corresponding to
±0.5 nm in combination with the 150mm-1 grating.

3.1.5 Photoluminescence Excitation (PLE) Mapping

Part of this Ph.D. thesis encompassed the automation of photoluminescence excitation
(PLE) mapping measurements. PLE mapping in the case of carbon nanotubes means
that PL emission spectra are recorded for a certain range of excitation wavelengths.
The excitation wavelength is varied in steps, usually in increments between 1-5 nm.
For the duration of the measurement, it is important that the piezo stage and the
microscope should not move such that the same sample position for all emission spectra is

1For low temperature PL measurements, the first grating was also sometimes used
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3.1 Confocal Photoluminescence Microscope

guaranteed. For the excitation, a self-written ‘Labview’ program (National Instruments)
controls LPC (24), shutter (22) and motorized actuators on the filter wheel (21) and the
lasers (14, 17, 19). Spectrometer and detector are controlled using ‘WinSpec’ (Roper
Scientific). The software displays the collected spectra and allows for external triggering
of the InGaAs camera. The ‘Labview’ program requires start and end values of the
desired excitation range as well as step size, acquisition time for each spectrum and
excitation power. It then automatically scans through the excitation wavelengths, opens
the shutter, adjusts the power and sends a trigger signal to the InGaAs camera to acquire
a spectrum. It waits for the spectrum to be stored before closing the shutter and moving
to the next wavelength. The acquired multi-spectra file has three dimensions: emission
wavelength, excitation wavelength and intensity. It can be plotted as a 3D graph but
for PLE maps with multiple signals, a color-coded intensity contour plot is better suited
for the sake of clarity. Plots are created by importing the multi-spectra file into ‘Origin’
(OriginLab Corporation). Typically in mapping an individual SWNT, the maximum in
emission (ideally) corresponds to the lowest optically active excitonic state (E11) and
the maximum in excitation to the E22 state. Both values allow a reliable assignment
of nanotube chirality. As already mentioned, thermal drift of the microscope or of
the piezo stage limits the total duration of a measurement. Typically, PLE mapping
took between 10 and 30 minutes. Besides automatic control, the ‘Labview’ program
can also be used to set the lasers to specified wavelengths and powers. This is used
e. g. to show the stability of a PL signal with time. For this kind of measurement, the
excitation wavelength, power and sample position stay constant and the spectra are
simply collected one after the other. In a contour plot, the axis ‘excitation wavelength’
is then replaced by ‘time’ and the extent of a blinking behavior or a deterioration of the
signal due to bleaching can be established (see Sec. 5.2 and 5.4.4).

3.1.6 Photoluminescence Imaging

In PLE mapping, the excitation wavelength is scanned while the sample position is held
constant. For PL imaging, exactly the opposite holds. The excitation wavelength is set
to a value close to E22 of the SWNT under investigation. The movement of the piezo
stage is controlled by a program called ‘PZT control’ (Physik Instrumente). It uses its
own macro language to define movements for all 3 axes. In this work, the piezo stage
was programmed to perform raster scans only in (x, y)-direction with constant z. More
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START

STOP

Substrate
Objective

Excitation Emission

Figure 3.3: Sketch of PL Imaging technique. Pointwise raster scanning (a) of the sample
leads to a multi spectra file (b). Multiple relevant signals are chosen and e. g. integrated (c)
which results in a PL image (d).

complex scans of 3D objects were sometimes used, e. g. for the investigation of photonic
crystals, see Ref. [139]. The macro contains start position, dimension and step size in x
and y direction and acquisition time. It then initializes a pointwise scan and collects a
full PL spectrum at each point, waits for the spectrum to be stored and moves a given
step size distance to the next point. Figure 3.3 shows the procedure for PL imaging.
The collected data is 4 dimensional: x-position, y-position, emission wavelength and
intensity. For a reasonable image presentation, the spectrum has to be collapsed to a
single value. This is done either by ‘Spectra Analyser’ or ‘WITec Project’ (both WITec)
software. ‘Spectra Analyser’ is an older version which is able to integrate a spectrum
over a certain wavelength range and to display the integrated value as a color code.
It handles any rectangular image size. In addition, it can calculate and display (again
as a color code) average, minimum, maximum and center of mass values and perform
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3.2 Confocal Raman Microscope

background subtraction. However, the program is quite simple and does not allow
manual adjustments. It often fails to calculate correct background-subtracted images
and cannot display multiple integration areas using different colors. ‘WITec Project’ has
this capability as seen in Fig. 3.3(d). Unfortunately, ‘WinSpec’ multi spectra files are
always displayed as quadratic images, no matter if the scanned area is rectangular or not.
This ‘bug’ prevents the exclusive use of this program as images of long SWNTs usually
exhibit high aspect ratios. PL images were predominantly acquired by the Olympus
objective with a resolution of ∼ 400 nm. According to the Nyquist theorem, a maximum
step size of 200 nm can be employed to take full advantage of this resolution. PL images
presented in this thesis were mostly recorded using this step size. Times for recording
PL images ranged between half an hour and up to 12 hours, crucially depending on their
x and y-dimensions. Within a time span of several hours, thermal drift is very probable.
A lateral drift (x, y-direction) thereby distorts the image. This can be corrected for, but
a vertical drift (z-direction) causes a loss in resolution and irretrievably blurs the image.

In addition to PL imaging, the piezo stage can be moved to any desired position within
its range if a program outputs the coordinates via RS-232. This feature was used for the
correlation of AFM and PL information as described in Ref. [110, 111]. AFM images
were loaded into the ‘Origin’ software. A self-written program caused the piezo stage
to move to coordinates, e. g. a nanotube, which were chosen by clicking on a position
on the AFM image. If the relative shift between AFM and PL origin was determined
correctly, a PLE map could be measured subsequently on the desired nanotube.

3.2 Confocal Raman Microscope

Resonant Raman measurements on carbon nanotubes are performed with a commercial
confocal Raman microscope (WITec, ‘CRM 200’). The set-up shown in Fig. 3.4 is very
similar to that of the PL microscope, except for its optimization for Raman scattering. In
the Raman measurement mode, samples are excited either by an argon ion laser (12) at
514 nm or a helium-neon (HeNe) laser (16) at 633 nm. Laser power is adjusted or shut off
by a filter wheel (18) and a shutter (17). Wavelength specific, polarization-maintaining
single-mode glass fibers (14 and 15) guide the light into the microscope. A holographic
beamsplitter cube (6) reflects monochromatic excitation light in (−z)-direction, linearly
polarized in x-direction. It is focused to a diffraction-limited spot using a 100x/0.9,
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Figure 3.4: Sketch of the Raman microscope (WITec, ‘CRM 200’). Yellow color represents
visible light, laser excitation light at 514 and 633 nm and Raman scattered light is drawn in
green, orange and red, respectively.

20x/0.4 or a 10x/0.25 objective [Nikon, (9)]. These objectives are parfocal, so that
the specimen does not have to be refocused when the objective is changed using the
objective turret. 10x and 20x objectives are normally used for coarse sample positioning
in the optical mode and the 100x objective for measuring. With flip mirrors (a) and (f)
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3.3 CVD Reactor

moved out of the optical pathway, the Raman scattered light is focused into a multi-
mode glass fiber via a tube lens (b). Residual laser light is filtered out by a holographic
super-notch filter (c). Measurements in this study employed a 50 and a 100 µm fiber,
which yields a lateral resolution of 300 - 350 nm for the wavelengths used. The glass
fiber guides the light to a spectrometer [Roper Scientific, ‘Acton SpectraPro 2300i’, (2)],
equipped with two gratings, one with 600 grooves/mm, and one with 1800 grooves/mm,
both blazed for 500 nm. The detector [Roper Scientific, ‘Spec-10:100B-TE’, (1)] is a
two dimensional silicon CCD array with 1340 x 100 pixels, thermoelectrically cooled to
-45 ◦C. In Raman measurement mode, the 100 rows of the array are vertically binned
to yield a spectrum with maximum intensity. Apart from using different fiber couplers
(13, 19) and fibers (14, 15) it is necessary to exchange the whole module containing lens
(d) and holographic beamsplitter cube (6), as well as holographic super-notch filter (c)
and adjustable confocal pinhole (4) when changing the excitation laser line from 514 to
633 nm.

In the optical mode, laser light is shut off by shutter (17), a halogen lamp (7) is
turned on and beamsplitter (f) and flip mirror (a) are put in the optical path. The
super-notch filter can be removed, if necessary. Illumination is performed in a standard
Köhler scheme, adumbrated by lens (e) in Fig. 3.4. A video camera (5) transfers a color
image to the computer (11).

Like for the PL microscope, the sample is positioned on a combination of a piezo
scanning stage (10) and a manual (x, y)-translation stage. The same kind of piezo stage,
control and evaluation software is used. Therefore, Raman imaging is performed in the
same way as PL imaging.

3.3 CVD Reactor

The thermal chemical vapor deposition (CVD) reactor was built for the direct growth
of individual and long carbon nanotubes on substrates whose surfaces comprise prede-
posited, small amounts of catalyst material. Figure 3.5 shows the design of the set-up. A
carbonaceous precursor and auxiliary gases flow through a 1 inch diameter quartz tube
inside a horizontal, 45 cm long tube furnace (Carbolite, ‘MTF 12/38/400’) in which they
can be heated up to a maximum temperature of 1200 ◦C. Available precursors are ethy-
lene, methane, carbon monoxide, ethanol and acetylene. Hydrogen, argon and water
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Figure 3.5: Design of the home-made thermal CVD reactor. A variety of different carbona-
ceous precursors and auxiliary gases can be used. Values (temperature, mass flow, etc.) and
gases listed correspond to typical settings for the growth of vertically aligned carbon nanotube
arrays (VANTAs, see Sec. 4.1).

vapor are employed as auxiliary gases. For the controlled mixing of all gases/vapors,
four digital mass flow controllers (MFC), connected to a computer, are used (Bronkhorst,
‘El-Flow’). Three of them have a flow range between 30 and 1500 sccm and one is for
a flow between 0.6 and 30 sccm. A glass frit bubbler is used if ethanol is the carbon
feedstock, or if small amounts of water vapor are to be added to the gas mixture. For the
exact determination of ppm amounts of water vapor, a calibrated hygrometer (Michell
Instruments, ‘Cermet II’) is placed in front of the furnace. In this case it is important
to remove all traces of water (and oxygen) from the gases before a controlled amount is
added. This is done by a gas-purifying cartridge (Air Liquide, ‘Hydrosorb’, ‘Oxysorb’,
not shown in Fig. 3.5). The sample, which can either be a catalyst deposited on a sub-
strate or a catalyst powder is put on a 1 x 4 cm sample holder attached to a K-type
sheath thermocouple. The thermocouple measures the temperature close to the sample
as opposed to the temperature gauge of the furnace. The ‘Inconel’ sheath of the ther-
mocouple is sealed with O-rings which allow to quickly move the sample in and out of
the hot zone. A sample holder made of molybdenum showed best resilience against high
temperatures and carbon atmospheres. The gases leave the furnace via a bubbler filled
with mineral oil to shut off the reaction tube against the atmosphere.
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Nanotubes

This chapter covers the synthesis of carbon nanotubes via the CVD set-up described in
Sec. 3.3. The main focus is on vertically aligned carbon nanotube arrays and on ran-
domly oriented, suspended SWNTs which were used to quantify the influence of external
dielectric screening on optical transition energies (see Sec. 5.1), to investigate the PL
at cryogenic temperatures (see Sec. 5.2) and to show experimentally the existence of
‘weakly allowed’ excitonic states below the lowest bright E11 exciton (Sec. 5.3). Addi-
tionally, the synthesis of long and partially aligned horizontal SWNTs is discussed which
are spectroscopically characterized in Sec. 5.4.

4.1 Vertically Aligned Arrays of Carbon Nanotubes

The work on VANTAs was inspired by Hata et al.’s discovery of ‘supergrowth’, already
mentioned in Sec. 2.5.3 [123]. Interestingly, they were able to measure PLE spectra on
the as-grown ‘forests’ which strongly indicates that the SWNTs are not heavily bundled.
Together with Raman spectroscopy of the radial breathing mode and HRTEM images,
they estimated the diameters of the SWNTs to be in the range of 1 to 3 nm. We
reasoned that the PL of thin as-grown SWNTs in such forests might provide a better
insight into the influence (e. g. the dielectric screening) of surfactant and water molecules
when compared with available dispersions of HiPco and PLV nanotubes. Therefore, the
parameters given in Ref. [123] were used as starting conditions.
The best results (SWNT forest height of 2.5mm in 10 minutes) obtained by Hata et

al. were found for a silicon wafer substrate with thermal SiO2 of 600 nm thickness, which
was covered with magnetron-sputtered layers of 10 and 1 nm Al2O3 and Fe, respectively.
The Al2O3 underlayer is supposed to increase the surface area, bind the iron particles
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to the surface and prevent their agglomeration at higher temperatures ([140–142] and
references therein).

In our approach, Si wafers covered with a 800- nm-thick layer of thermally grown
SiO2 were used. Sputtering was performed in a magnetron sputtering apparatus at
the ‘Physikalisches Institut’ at the University of Karlsruhe, equipped with one radio
frequency (RF) generator for the sputtering of insulators and three DC power supplies
which are used for metals. Al2O3 and Fe targets (50 x 3mm and 50 x 1mm, respectively,
Goodfellow) were sputtered with a power of 150 and 10-40W, respectively, at an argon
pressure of about 8 · 10−3 mbar. Sputter rates for iron were measured by a quartz crystal
microbalance. Sputter rates for Al2O3 had to be determined indirectly by measuring the
height of a deposited layer via a high-resolution profiler (Ambios Technology, ‘XP-2’),
because the RF generator interfered with the microbalance. Substrates with a 10/1 nm
bilayer of Al2O3/Fe were fabricated in this fashion.

AFM images in Fig.4.1(a) and (b) (Veeco Instruments, ‘Multi Mode’) show that the
average surface roughness (Ra) of the bilayer is about 4Å, as opposed to 3Å for a plain
wafer. This indicates that the sputter parameters used do not significantly increase
the surface roughness. In SEM (Zeiss, ‘LEO 1530’, 10 kV acceleration voltage), the
bilayer can be distinguished from a plain SiO2 surface due to a difference in contrast,
see Fig. 4.1(d). In the paper of Hata et al., CVD growth was carried out at ambient
pressure at 750 ◦C for 10 minutes in a flow of 600/400/100 sccm of argon, hydrogen
and ethylene, respectively and a water concentration between 20 and 500 ppm (sccm
denotes standard cubic centimeter per minute at STP). We assume that the sample was
placed in a cold furnace and heated to the final temperature under a flow of 600/400
sccm argon/hydrogen, before an ethylene/water mixture was introduced. We therefore
first checked the effect of such a treatment on our substrates. To prevent the catalyst
from structural transformation upon slow cooling, we pulled the substrate out of the hot
zone of the furnace as quickly as possible. The AFM topography image in Fig. 4.1(c)
shows many small particles with an average height of ∼ 5 nm which presumably are
made of iron and iron oxide and have formed due to agglomeration of the sputtered Fe
layer [143]. In order to increase the contrast of the particles for SEM images, a small
flow of ethylene was introduced for a few seconds after the substrate had reached the
target temperature. The result is seen in Fig. 4.1(e), where the area covered with the
Al2O3/Fe bilayer has developed a ‘carpet’ of nanotube nucleation sites, probably made
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4.1 Vertically Aligned Arrays of Carbon Nanotubes

Figure 4.1: (a)-(c) AFM (2 x 2 µm) and (d)-(e) SEM images of substrates for VANTA growth.
(a) Plain Si/SiO2 wafer before sputtering. Ra ≈ 3Å (b) After the deposition of 10 nm Al2O3

and 1 nm Fe. Average surface roughness increases to ∼ 4Å. (c) After heating of (b) to 750 ◦C
in an Ar/H2 flow. Iron has agglomerated into particles with an average size (height) of ∼ 5 nm.
(d) Sputtered Al2O3/Fe bilayer (bottom) shows a strong contrast to the plain Si/SiO2 surface.
(e) Same as (c) plus a few seconds of ethylene flow.

of iron particles covered with a certain amount of carbon, while the bare Si/SiO2 surface
remains clean.

Before starting CVD growth, the temperature distribution inside the quartz tube was
measured along the length of the furnace. We wanted to quantify the length of the
hottest zone as well as its shift in position for a typical gas flow. Figure 4.2 shows the
results for no flow (black dots) and for a 700/400 sccm flow of a Ar/H2 mixture. Both
maxima are close to the middle of the furnace, about 1.5 cm apart from each other. The
hottest zone extends to about 5.5− 6 cm in both cases. The temperature measured by
the thermocouple in equilibrium differs by only 4 ◦C or 0.5 % from the value given by
the furnace gauge.

Having determined the best position for the sample in the furnace, we started CVD
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Figure 4.2: Temperature profile along
the length of the furnace, without
(black) and with (red) a gas flow, mea-
sured by the sheath thermocouple. The
set target temperature of the furnace
is 750 ◦C. Temperature maxima are
marked with red and black arrows and
are shifted by only ∼ 1.5 cm. Constant
temperature zones in both cases are
5.5-6 cm long, denoted by red and black
bars.
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growth experiments. Figure 4.3(a) presents a picture of an as-produced, ∼ 1-mm-tall
nanotube forest after a growth time of 90 minutes. The red object next to it is the tip
of a match for size comparison. SEM images (c)-(f) show different views of the VANTA
and (b) is a typical TEM image displaying MWNTs with a diameter of about 5 nm and
3-4 walls. At low magnification, the nanotubes appear vertically well-aligned. Images
taken on the micrometer scale, e. g. Fig. 4.3(e), reveal a loose packing of nanotubes
and bundles thereof, in accordance with average densities of ca. 0.006 g/cm3 which were
calculated from the measured heights, areas and weights of various forests. A sparse
network of nanotubes or bundles suspended in different directions is characteristic for
the top surface of the VANTAs [Fig. 4.3(f)]. A density of 0.006 g/cm3 corresponds to
∼ 70 nm intervals between catalytically active iron particles, if the forest is approximated
by a uniform array of 5- nm-thick triple-walled carbon nanotubes. This is confirmed by
the AFM and SEM images of the nucleation sites in Fig. 4.1(c) and (e).

The growth parameters of this sample were chosen close to the values of Hata et al.,
albeit with four times reduced flow rates: The chip (1 x 1 cm) with a sputtered bilayer
of 10/1 nm Al2O3/Fe was heated to 750 ◦C in a flow of 150/100 sccm argon/hydrogen.
When thermal equilibrium between sample and furnace was established, 25 sccm ethylene
together with about 300 ppm water vapor were added to the argon/hydrogen flow. After
90 minutes, the flow of ethylene, water and hydrogen were stopped and the sample was
slowly pulled out of the hot zone until it cooled to about 300 ◦C. At that temperature,
nanotubes can be safely exposed to air without being oxidized.

Although the height of our nanotube forests is impressive, the growth rate is still ∼ 20
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4.1 Vertically Aligned Arrays of Carbon Nanotubes

Figure 4.3: VANTA grown with water-assisted CVD. (a) Picture of a ∼ 1mm-tall nanotube
forest. The tip of a match on the right is for size reference. (b) Typical TEM image of the
tubes. (c)-(e) SEM side view at different magnifications and (f), top view.

times lower than that given in the paper by Hata. The TEM image in Fig. 4.3(b) also
suggests that our VANTAs consist primarily of MWNTs rather than showing a high
SWNT content. In order to clarify the rate aspect, we conducted a series of experiments
varying the gas composition, the flow rates, the temperature and the water vapor content
for both the heat-up and the growth phase. However, the number of parameters is too
large to vary them all in a systematic manner, especially if they are mutually dependent.
In a first approximation, we assumed independent parameters and varied only one at a
time. The growth height was measured with an optical microscope (Leica DMRE) by
focusing on the surface of both the Si/SiO2 chip and the top of the forest. The average
height was taken as the average from 4− 6 measurements. In addition, Raman and PL
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Figure 4.4: VANTA height for different parameters after a growth time of 20 minutes. (a)
Effect of fast (sample no. 2,4,5 and 6) vs. slow (sample no. 1 and 3) heating and gas composition
in the heat-up phase. See text for details. (b) Effect of Ar/H2 composition in the growth phase.
(c) Influence of temperature and (d) content of water vapor on the height.

spectra as well as some TEM images and diameter histograms via AFM were recorded
(vide infra) to clarify the existence of MWNTs or SWNTs.

Some typical results are depicted in Fig. 4.4. All four plots show the forest height after
20 minutes growth time. In Fig. 4.4(a), we considered the effect of the gas composition
in the heat-up phase as well as the heating rate. ‘Slow’ means that the sample is inside
the furnace and heats up together with it, as opposed to ‘fast’, where the sample is
pushed into the already hot furnace. For the latter, growth, i. e. the introduction of
ethylene is started when the thermocouple indicates a temperature of ∼ 10 ◦C below the
target temperature. In the former case, growth is started when thermal equilibrium is
reached. For sample no. 1-4 and 6 in Fig. 4.4(a), the gas composition in the growth
phase was always 600/400/100 sccm Ar/H2/C2H4. In the heat-up phase, it was only 600
sccm Ar for sample no. 1 and 2, 600/400 sccm Ar/H2 for 3 and 4 and 400 sccm H2 for 6
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4.1 Vertically Aligned Arrays of Carbon Nanotubes

(sample no. 5: below). The data suggests that rapidly heating the sample yields higher
VANTAs1 and that neither argon nor hydrogen alone are good choices. The iron layer is
covered with iron oxide at the beginning because the chips are stored under atmospheric
conditions. During heat-up, this layer gets partially reduced by hydrogen. No reduction
(only argon) or a complete reduction (pure hydrogen) result in lower growth rates. The
best choice seems to be a mixture of both. Another positive effect was observed upon
the reduction of all the flow rates by a factor of 4, see sample 5 (150/100 sccm Ar/H2

and 150/100/25 sccm Ar/H2/C2H4, during heat-up and growth phase, respectively).
Figure 4.4(b) shows the effect of varying the Ar/H2 gas composition during the growth

phase. The total flow rate (250 sccm), the flow rate of ethylene (25 sccm) and the gas
composition during the fast heat-up [150/100 Ar/H2 as in sample 5 of Fig. 4.4(a)] was
kept constant. Again, the growth rates for no hydrogen (sample 1) and hydrogen only
(sample 6) are not as high as for a mixture of both, whereas the exact composition of
the mixture seems to be of minor importance.
Figure 4.4(c) shows the influence of different growth temperatures. The total VANTA

height seems to increase exponentially, starting at about 650 ◦C. This Arrhenius type
behavior suggest the existence of an activation barrier, most likely for the decomposition
of ethylene. Between 750 and 800 ◦C, the decomposition of ethylene resulted in a poly-
merization/cyclization reaction, filling the exhaust part of the quartz tube with white
smoke and liquid/oily products, without the formation of nanotubes.
The water vapor concentration in the growth phase was changed in Fig. 4.4(d) between

10 and 500 ppm. Maximum growth height was achieved for a water vapor concentration
of 120 ppm. A further increase of the water content led to a monotonous height decrease.
However, the effect of water is not very large. The average height with (almost) no water
was 380± 35 µm and 465± 20 µm with a water vapor concentration of 120 ppm, which
is an increase of about 20 %.2 Thus, a fast-heating process at 750 ◦C along with 150/100
sccm Ar/H2 in the heat-up and 150/100/25 sccm Ar/H2/ethylene plus 120 ppm water
vapor in the growth phase yielded a maximum VANTA height of 465± 20 µm after 20
minutes or about 1.3mm after 90 minutes.
We also varied the height of the iron layer between 0.2 and 1 nm. The effect of this

1It also increased the number of iron particles which were carried along with the growing nanotubes
2In Ref. [144] we reported a height increase by a factor of 10 for 300 ppm water vapor. This preliminary
result was reached with uncalibrated rotameters and could not be reproduced after the modification
to digital mass flow controllers.
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Figure 4.5: 6 x 1 cm chip covered with vertically aligned nanotubes. The chip was prepared
with 10 nm of Al2O3 and an iron gradient from 1 to 0.2 nm. Numbers were written with a pen
on the chip before sputtering and removed with acetone before CVD growth. The iron catalyst
layer is thickest around 1 and decreases in height towards 11.

can best be studied, if there is an iron height gradient on a single chip. For this purpose,
we used the nonuniform sputter rate distribution at the edge of the sample holder inside
the sputter apparatus. A 6 x 1 cm chip was prepared and marked with numbers from
1 to 11. As usual, 10 nm of Al2O3 were deposited first. Close to 1, the height of the
iron layer was 1 nm, and decreased to about 0.2 nm close to 11. Figure 4.5 shows the
result after 90 minutes of CVD growth. Close to 1, the height of the VANTA is again
more than 1mm and slowly decreases towards 11. However, Raman spectra recorded
along the length of the chip do not indicate a change from MWNTs to SWNTs. It
seems that the height of the iron layer in this range is of minor importance, because
upon heating, iron agglomerates to particles of the same size and (presumably) different
particle densities. Thus, the VANTAs at the end with the thin iron layer should grow
less dense. However, this was considered of minor importance regarding the growth of
thin SWNTs and therefore not quantified in this work.

The amount of iron carried along with the growing nanotubes was checked by reusing
the substrates. VANTAs are easily removed from the substrate (e. g. with a scalpel),
in fact, they almost come off by themselves. We found that chips that were used with
fast-heating hardly grew any VANTAs the second time. When slow-heating was applied,
they could be reused at least once, although the maximum achievable height decreased
substantially. Substrates with an additional layer of only 1 nm Al2O3 on top of the iron
layer however could be reused more than 5 times, without a (noticeable) loss of growth
rate. The additional layer of alumina seems to increase adhesion of the iron particles.
Yet, it also decreases the maximum achievable height to a few tens of micrometers.

In order to measure a diameter distribution of our VANTAs, we performed a sample
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4.1 Vertically Aligned Arrays of Carbon Nanotubes

Figure 4.6: Typical histogram of
diameters (heights above the sur-
face) for individualized CVD-grown
nanotubes spin-coated onto a sili-
con surface from a sonicated aque-
ous dispersion and measured by
AFM imaging (see the text for de-
tails). The red curve denotes a
Gaussian fit with a mean diameter
of 3.3± 1.4 nm. From Ref. [144].
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preparation for AFM analysis which has been described elsewhere [145]. Briefly, CVD-
grown VANTAs were removed from the substrate and dispersed in water plus 1 wt %
of sodium cholate with an ultrasonic tip disperser. Nanotubes were then spin-coated
onto a silicon wafer, rinsed with acetone, and dried at room temperature. AFM images
were recorded in intermittent contact mode and analyzed with the ‘SIMAGIS’ software
(Smart Imaging Techn.). Figure 4.6 shows a typical histogram of diameters (heights
above the surface) for our VANTAs. A variation of the parameters mentioned above did
not significantly change this distribution. The maximum remained between 3 and 4 nm
which is consitent with the average size distribution of the iron particles in Fig. 4.1(c)
and which is also close to the value of 3 nm reported by Hata et al.

The AFM histogram in Fig. 4.6 suggests that only approximately 8 % of the nano-
tubes generated have diameters between 1 and 2 nm (and are correspondingly SWNTs).
Accordingly, the dispersion prepared from the CVD tubes shows very weak PL (lim-
ited to diameters ≤1.4 nm). A Raman spectrum of the dispersion at 785 nm excitation
(Kaiser Optical Systems Inc., ‘Holospec’) is shown in Fig.4.7(a). It displays a rather
high D-mode and a single G-mode, typical for defective MWNTs. There is also a rather
untypical, broad peak in the RBM region around 170 cm-1 (equivalent to SWNTs with
diameters around 1.4 nm). Raman and PL microscopy on the as-grown VANTAs was
more informative. Some characteristic spectra are presented in Fig. 4.7(b)-(d). Figure
4.7(b) shows a Raman spectrum from the top surface of the array with a low magni-
fication objective. Again, D- and G-mode but no RBMs are present, irrespective of
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Figure 4.7: (a)-(c) Typical Raman and (d) PLE spectra obtained for VANTAs generated
in this work. (a) Raman spectrum of VANTAs dispersed in D2O/1 wt % SDBS and excited
with 785 nm shows a broad signal in the RBM region as well as D- and G-modes. (b) and (c)
are Raman spectra from the top of as-grown VANTAs at 633 nm excitation with 20x/0.4 and
100x/0.9 objectives, respectively. At higher magnification, RBM signals of individual SWNTs
can be observed (here at ∼ 188 cm-1, corresponding to a diameter of approx. 1.27 nm). (d) PLE
spectrum from the top of as-grown VANTAs showing 4 distinct chiralities.

which part of the sample was probed. With a high magnification objective [100x/0.9,
Fig. 4.7(c)], the spectrum strongly depended on the position and different RBMs were
observed. Similarly, PL was only observed at high magnifications. When the signal was
carefully optimized by adjusting the position with the piezo stage, PL contour maps of
individual or small ensembles of SWNTs could be recorded, as shown in Fig. 4.7(d). We
attribute the above observations to a small fraction of air-suspended SWNTs extending
beyond the top surface of the forests. The forests themselves mainly consist of MWNTs.
We also found PL signals of individualized SWNTs on the bottom and in the middle of
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the VANTAs albeit with somewhat weaker and broader signals. Because SWNTs exist
only as a minor fraction, and the density of the forest is sufficiently low, bundling and
therefore quenching of PL is efficiently prevented. From the SEM images we estimate
that suspended sections can span distances of hundreds of nanometers. The individual
SWNTs detected by PL microscopy on top of the forests are likely suspended in a similar
fashion.

In conclusion, we have successfully grown vertically aligned carbon nanotube arrays
with heights of more than 1mm from a sputtered alumina/iron catalyst bilayer. We have
explored the influence of different parameters like the heating rate, gas composition,
growth temperature and water vapor content. These parameters could be optimized to
yield a maximum growth rate, but the average diameter of the tubes remained almost
constant between 3 and 4 nm. Our CVD arrays consist of (typically 3-4 walled) MWNTs
with an average distance of ∼ 70 nm from each other. About 8% of all tubes are SWNTs
with a diameter below 2 nm.3 The small content of SWNTs in our materials is in contrast
to the results of Hata et al. who achieved substantially faster growth (about 20 times
faster) of up to 2.5-mm-high forests of ∼ 1-3−nm-diameter nanotubes using a similar
CVD procedure [123]. We could not reproduce the water-assisted ‘supergrowth’ although
the addition of 120 ppm of water vapor increased the maximum growth height by about
20 % compared to the growth with 10 ppm of water vapor. We believe that differences
in catalyst preparation are responsible for discrepancies in the material composition and
growth rate. However, our VANTAs are ideally suited for spectroscopy on individual
SWNTs (see Ch. 5).

4.2 Suspended and Horizontally Aligned Arrays of

Carbon Nanotubes

Besides vertically aligned carbon nanotube arrays employing ethylene and a sputtered
catalyst, we also realized other growth morphologies using catalysts prepared by wet
chemistry methods and different carbon feedstock gases, mainly mixtures of ethanol,
hydrogen and argon (‘ethanol CVD’) carbon monoxide and hydrogen (‘CO-CVD’) and
methane, argon and hydrogen (‘methane CVD’). All led to tubes air-suspended between

3∼2% have diameters below 1.4 nm which corresponds to the upper limit of our detection range.
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short cracks (1-2 µm) of the catalyst material or to long (∼ several hundreds of microm-
eters) nanotubes resting on the substrate and being partially aligned with the gas flow.

The catalyst for both growth morphologies was prepared from 15mg of highly dis-
persed pyrogenic alumina (Degussa, ‘AEROXIDE R© Alu C’), 0.05mmol of iron nitrate,
Fe(NO3)3 · 9 H2O and 0.015mmol of molybdenyl(VI)acetylacetonate, MoO2(acac)2, dis-
persed in 15mL of methanol or isopropanol. The composition of the catalyst is based on
that used by Kong et al. [127]. Prior to use, the mixture was agitated by an ultrasonic
tip disperser for 5 minutes. Silicon or sapphire chips (CrysTec) were partly covered with
the dispersion either by dip-coating or by dripping a small amount onto the surface,
thereby creating a pad of dried catalyst material. After drying in air, nanotubes were
grown either using ethanol, carbon monoxide or methane as feedstock.

Ethanol CVD The sample was placed in the middle of the cold furnace and heated
to 900 ◦C in a prefabricated mixture of argon and hydrogen (Air Liquide, containing
5 % H2) at a flow of 800 sccm. This calcination procedure lasted between 15 and 30
minutes and is supposed to decompose all organic compounds and to partially reduce the
catalyst ions to the elementar metals. Subsequently, the complete gas flow was guided
through an ethanol bubbler prior to entering the furnace. Provided that ethanol vapor
reaches saturation, its concentration in the gas flow is about 110 g/m3 corresponding
to an ethanol vapor flow of 40 sccm at 20 ◦C (room temperature, RT). The ethanol
bubbler could be heated to about 50 ◦C corresponding to a maximum ethanol vapor
concentration of 500 g/m3 or a flow of 200 sccm. In most growth experiments we wanted
to grow low densities of tubes, and the bubbler was therefore kept at RT. After 20-30
minutes growth time, the ethanol bubbler was taken out of the gas flow and the sample
cooled down at ∼ 100 sccm of Ar/H2.

Figure 4.8 shows different SEM/TEM images and a Raman spectrum of carbon nano-
tubes synthesized with ethanol CVD. A characteristic ‘island’ or pad of catalyst material
with crisscrossing cracks is depicted in Fig. 4.8(a). Nanotubes are frequently found to
cross such trenches, as in Fig. 4.8(b), (c) and (d). The TEM image in the inset of image
4.8(a) demonstrates that the sample is made up of SWNTs with diameters of around
2 nm and bundles thereof. This is confirmed by a bulk Raman spectrum of the RBM
region in the inset of Fig. 4.8(d). Diameters range between 1.1 and 2.3 nm. Figure 4.8(e)
shows a long nanotube in direct contact with the Si/SiO2 substrate. The contrast here
is not as good as for air-suspended tubes. Loop structures like in the inset of Fig. 4.8(e)
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Figure 4.8: SEM images of carbon nanotubes synthesized with ethanol CVD. (a) Catalyst
‘island’ on top of a Si/SiO2 chip. The inset of (a) depicts a TEM image of SWNTs and bundles
of SWNTs with diameters of ∼ 2 nm. (b), (c), (d) SWNTs crossing the trenches shown in (a).
The bulk Raman spectrum (633 nm) of the RBM region in the inset of (d) indicates diameters
between 1.1 and 2.3 nm. (e), inset of (e) Individual SWNTs on the Si/SiO2 substrate.

are also found frequently. Spectroscopic and AFM characterization of SWNTs made by
ethanol CVD is part of Ch. 5.
Carbon monoxide CVD The same catalyst dispersion was used as for ethanol

CVD. In order to obtain a sharp separation between bare surface and surface covered
with catalyst, part of the chip was covered by a scotch tape before the catalyst dispersion
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Figure 4.9: SEM images of carbon nanotubes synthesized with CO-CVD on sapphire. (a),
(b) Low magnification images, taken at 3 kV acceleration voltage showing long and partially
aligned nanotubes, some with loops and U-bends. The gas flow direction is indicated by the
arrows. The inset in (b) depicts a tube extending from the top right to the bottom left of the
image, exhibiting a cut. This cut separates the lower part of the tube from the catalyst pad
which significantly reduces contrast (see text for details). (c), (d) Images from the top of the
catalyst pad, taken at 6 kV acceleration voltage. A dense network of nanotubes with different
diameters is visible. Thin and suspended SWNTs [indicated by arrows in (d)] can be found,
as well.

was dripped on it. After drying, the tape was removed. The sample was pushed into the
900- ◦C-hot furnace at a flow of 800 sccm carbon monoxide and 200 sccm hydrogen. To
avoid high CO concentrations in the hood, the gas mixture was combusted upon exiting
the oil bubbler. After about 30 minutes of growth, the sample was slowly pulled out
and the gas flow was switched to 1000 sccm argon. The growth time was taken from the
moment the sample was pushed into the furnace until the flow of CO/H2 was replaced
by argon. This fast-heating CVD process is based on that of Liu and coworkers [131].
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However, their catalyst was made of monodispersed Fe/Mo nanoparticles and their CVD
set-up consists of two furnaces. Using this procedure, they were able to grow individual,
aligned SWNTs with a length of up to 2mm and diameters between 1 and 2.5 nm. Figure
4.9(a) and (b) shows SEM images (at 3 kV acceleration voltage) of nanotubes grown on
sapphire substrates via our CVD process. They are several hundreds of micrometer
long and partially aligned. Some loops and ‘U’-bends are also visible. Interestingly, the
insulating substrate allows for the detection of tubes that are connected to the catalyst
area at very low magnifications, i. e. a big field of view. Only when a tube is disconnected
from the catalyst pad, does it appear darker [see inset in Fig. 4.9(b)]. These observations
are consistent with what has been described in the literature, although different models
explaining this effect are proposed [146–148].

According to Zhang et al. [148], insulating substrates like SiO2 or sapphire are ei-
ther positively or negatively charged at low (from 1 to 5 kV) or high (more than 5 kV)
primary electron energies, respectively. When the surface of the insulating substrate
is positively charged, electron accumulation on the SWNTs results in a larger negative
potential relative to the substrate, which enhances the secondary electron emission from
the SWNTs, and thus yields a brighter contrast. The positive potential of the scanned
area can induce electrons to flow in from an electron supply. A metallic pad (or the
grounded catalyst pad in our case) can serve as an electron supply source, making the
contacted SWNTs (and also, within the electron diffusion length, its surroundings) more
negatively charged and thus appearing brighter and thicker than the isolated ones. The
same explanation probably holds for the brightness of the catalyst film edge and other
particles connected to the catalyst pad via the nanotubes.

High acceleration voltages (typically 10 kV in our case) reverse the contrast between
substrate and SWNT, because the substrate is now negatively charged compared to the
tube and emits more secondary electrons. Since both the SWNTs and the substrate are
negatively charged, electron diffusion from the former to the latter is suppressed, yielding
images of SWNTs with diameters smaller than that observed on a positively charged
substrate [see e. g. Fig. 4.10(a)]. Unless otherwise indicated, all of our SEM images,
especially for Si/SiO2 substrates, are taken at 10 kV acceleration voltage, because this
facilitated focusing.

It has been speculated that metallic and semiconducting SWNTs could be distin-
guished from their SEM images, but this was not experimentally confirmed [146–148].
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According to the explanation given above, the tubes with high contrast could be metallic
whereas the semiconducting SWNTs are dark and cannot be seen at this magnification.
However, we did not find more tubes when increasing the magnification or using different
scanning techniques like AFM or µ-Raman spectroscopy (see Sec. 5.4.2). Thus, we be-
lieve that the high contrast of the tubes does not reflect their metallic or semiconducting
character.

SEM images in Fig. 4.9(b) and (d) are taken from the top of the catalyst area. It is
covered with nanotubes of various diameters, some being partially air-suspended. Most
tubes here are probably MWNTs but some thin tubes, possibly SWNTs (highlighted by
white arrows), are present, as well. This was also shown by µ-PLE spectroscopy (Sec. 5.2
and 5.3).

Methane CVD In a few CVD experiments, we used methane as feedstock gas. The
catalyst was either prepared by sputtering layers of 10 and 1 nm of alumina and iron on a
silicon chip like previously done for ethylene CVD, or by dip-coating a substrate, utilizing
the same dispersion used for the growth with carbon monoxide or ethanol. We again
employed the fast-heating process by pushing the sample at a flow of 120 sccm argon
and 64 sccm hydrogen into the 900-◦C-hot furnace. When the thermocouple indicated
a sample temperature of about 890 ◦C, 500 sccm methane was added to the gas flow.
After a growth time of typically 30 minutes, the methane and the hydrogen flow were
stopped and the sample was pulled out of the hot zone until it reached a temperature
of about 300 ◦C. The quartz tube was then opened and the sample removed.

Nanotubes resulting from methane CVD are presented in Fig. 4.10. Figure 4.10(a)
and (b) show individual tubes and a dense ‘mat’ grown from the dispersion and sput-
tered catalyst, respectively. The reason for the low contrast of Fig. 4.10(a) was already
discussed above. Fig. 4.10(d) is a Raman spectrum of the nanotube mat taken at 633 nm
excitation. It verifies the existence of SWNTs with a small amount of defects and diam-
eters between 1.1 and 2.1 nm. Interestingly, the mat is only a few micrometers high, as
opposed to the VANTAs in Sec. 4.1 and mostly consists of SWNTs instead of MWNTs.
The PLE contour map in Fig. 4.10(d) was recorded from a single (10, 9) SWNT resting
on the SiO2 surface. The broad and strong signal between 1050 and 1250 nm is back-
ground PL from the silicon substrate. The assignment of the chiral indices is possible
due to Ref. [144] and will be discussed in Sec. 5.1.

Methane CVD from Li et al. In a cooperation with the group of Prof. Yan
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Figure 4.10: SEM images, Raman and PL spectra of carbon nanotubes synthesized with
methane CVD. (a) Loop structures and straight individual tubes on the SiO2 substrate, grown
using a dip-coated catalyst. SEM acceleration voltage 10 kV. (b) ‘Mat’ of SWNTs grown
by using a sputtered bilayer of 10/1 nm Al2O3/Fe. (c) Raman spectrum (633 nm excitation)
recorded with a 100x objective on the top surface of a SWNT mat. Diameters calculated from
RBM frequencies range between 1.1 and 2.1 nm. The asterisk denotes a background Raman
signal from the Si substrate at 521 cm-1. (d) PLE contour map of an individual (10, 9) SWNT
in direct contact with the SiO2 surface. The broad signal covering most of the excitation range
is due to the PL of silicon, which exhibits a band gap of ∼ 1.12 eV or 1100 nm.

Li from the University of Beijing, we were also able to use their ultralong horizontally
aligned SWNT arrays, prepared from methane CVD. The exact procedure is described in
Ref. [136]. Briefly, a diluted Fe-Mo nanoparticle solution (average diameter 6.1 nm) was
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3a, more examples are shown in Figure S6 of Supporting
Information). The SWNTs diving from one edge of the trench
can climb up to the other edge again, forming suspended
SWNT “rope bridges” (Figure 3b-d). Raman spectrum

(Figure 3e) taken at the center of the microtrench reveals
that this SWNT is a semiconductor SWNT with diameter of
1.7 nm. The D band of the suspended SWNT is also
extremely weak. Similar to a previous report,20 Raman signals

Figure 3. (a) SEM image of SWNT arrays grown across microtrenches. (b) A suspended SWNT crossing over a microtrench, the two ends
of this SWNT “rope bridge” are shown in (c) and (d), respectively. (e) Raman spectrum measured from the center part of the suspended
SWNT. (f,g) SEM images of SWNTs grown over micro-obstacles. (h) Schematic drawing of the growth mechanism. The front section of
a growing SWNT floats in low rate gas flow relying on the buoyant effect induced by gas density/temperature gradient (shown as the
gradual change of background color) and shear flow near the substrate surface. All samples were obtained with 2.0 sccm of CH4 and 4.0
sccm of H2 at 970°C.
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Figure 4.11: SEM image of horizontally aligned and ultralong nanotubes grown on a litho-
graphically prepatterned Si substrate. The pattern includes etched trenches and markers.
Taken from Ref. [136].

applied to the front edge of a piece of silicon wafer using a syringe. The substrate was
placed into a furnace and heated to 900 ◦C in Ar atmosphere and treated with 100 sccm
H2 for 20 minutes. Subsequently, the temperature is increased to 970 ◦C and nanotube
growth is performed at 0.5 sccm CH4 and 1.0 sccm H2 for 30 minutes. Afterwards, the
sample is cooled down at about 10 sccm Ar.
Li et al. observe that the extremely low flow rate of the gas is best suited for the growth

of centimeter-long SWNTs. The diameter distribution of nanotubes measured by AFM
is 0.9− 3.3 nm with a mean value of 2.0 nm. In addition, they are able to prepattern a
silicon wafer with trenches and markers by photolithography and to let the tubes grow
over them (see Fig. 4.11). The markers enabled us to find the same SWNT with SEM,
AFM and the PL microscope. The alignment and the trenches greatly simplified the
search for a nanotube showing PL. A large SWNT length allowed us to perform AFM
manipulation of individual tubes and to observes changes in the PL spectra. This is
elucidated in Sec. 5.4.4 .
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Individual Carbon Nanotubes

In the following 4 sections the CVD-grown SWNTs of the previous chapter are used as
model systems to study excitons in carbon nanotubes. First, the influence of a dielectric
medium on the optical transition energies of SWNTs will be investigated [9]. Second,
we compare CVD-grown SWNTs to surfactant-coated nanotubes at temperatures down
to 4K [10]. Third, the observation of deep excitonic states below the optically active
exciton is discussed [11]. The PL of ultralong SWNTs and the effect of uniaxial and
torsional strain introduced by AFM manipulation of individual tubes is presented in
section four [12]. The fifth section introduces a new method for observing and counting
individual nanotubes in dispersion [13].

5.1 Influence of External Dielectric Screening on

Optical Transition Energies

5.1.1 Motivation

As mentioned in Sec. 2.4.6, PL [2] and Raman studies [88, 90, 101, 102] of SWNTs have
led to the assignment of characteristic optical transition energies Eii to specific chiralities,
(n1, n2). The assignment of Eii vs. (n1, n2) was primarily derived from measurements of
micelle-coated SWNTs in water-surfactant dispersions, where bundles can be efficiently
exfoliated into individual nanotubes. The tubes are thus free from inhomogeneous inter-
tube interactions which practically completely quench the PL of semiconducting SWNTs.
In contrast to this, most theoretical models consider nanotubes without environmental
effects. It is therefore important to quantify the effect of a specific environment on the
electronic structure and optical transition energies of individual SWNTs, relative to the
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‘ideal’ case of nanotubes in vacuum. As PL originates from the radiative decay of exci-
tons in semiconducting SWNTs, this means examining the influence of the environment
on exciton binding and formation energies.

Because most of the electric field of an exciton in a 1D system such as SWNTs is
located outside the nanotube, dielectric environments are expected to efficiently screen
Coulomb interactions of electronic excitations [66, 149, 150]. Thus, binding energies
(Eb) of excitons in nanotubes could in principle be ‘tuned’ by changing the dielectric
constant (also called permittivity) εr of the environment, from strongest binding at εr ≈ 1

up to small Eb and thermal dissociation of the exciton at sufficiently large εr. Note the
difference between the binding energy of an exciton, Eb and the optical transition energy
Eii measured in the experiment: Eii is the energy difference between the ground state
and the lowest bright exciton observed in experiment, A2 or A2u in chiral or zig-zag
SWNTs, respectively. Eb is the energy difference between the lowest excitonic state (no
matter if optically allowed or not, but the difference is negligible for typical exciton
binding energies in nanotubes) and the ‘series limit’, i. e. when electron and hole are
completely separated from each other, corresponding to ν =∞ in Fig. 2.8(c) and (d).

So far, only few measurements of optical transition energies of individual SWNTs
partially suspended in air (εr ≈ 1), i. e. free of surfactant and other sidewall interactions,
have been reported, with conflicting results [151–154]. These nanotubes were typically
synthesized by catalytic CVD over prepatterned substrates.

Lefebvre et al. observed blueshifts of ∆E11 = +(19 -37)meV and ∆E22 = +(7-28)meV
of PLE peaks measured for several individual nanotubes grown between pillars etched
in silicon relative to a ‘standard’ aqueous dispersion of SWNTs in SDS [151]. Yin
et al. applied RRS to determine resonance energies of air-suspended SWNTs grown
over trenches in silicon [152]. They contradict the assignment of Lefebvre et al. in
favor of a ∼ 70 -90meV decrease of E22 for air-suspended semiconducting nanotubes
compared to the aqueous dispersion. Ohno and coworkers measured PL of SWNTs
grown over a groove pattern etched in quartz [153] and observed PLE shifts on average
similar to those reported by Lefebvre et al. However, as opposed to the other studies,
they found a correlation of ∆E11 and ∆E22 with nanotube chirality and the S1/S2
family. Finally, Okazaki et al. were able to detect PL directly from as-prepared SWNT
material synthesized by gas-phase pyrolysis [154]. Due to the weak signals, only a few
(n1, n2) species were identified with peaks blueshifted by ∆E11 = +(51-62)meV and
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∆E22 = +(57-71)meV, referenced again to an aqueous dispersion of SWNTs.
To resolve these discrepancies, we have carried out systematic µ-PLE spectroscopy

studies using a different sample configuration, namely SWNTs occurring as a minor
fraction in VANTAs grown by thermal CVD as described in Sec. 4.1. E11 and E22 en-
ergies could be measured not only in air or vacuum, but also—after careful and slow
immersion—in non-volatile liquid environments. We found uniform blueshifts of E11

and E22 energies by +(40-56)meV and +(24-48)meV, respectively and were able to
assign those values to 19 different (n1, n2) nanotube species suspended in air or vac-
uum. Below, we also discuss energy shifts caused by immersion in organic liquids like
1-methylnaphthalene and paraffin oil. The differences in transition energies are com-
pared to theoretical predictions for dielectrically screened excitons in SWNTs.

5.1.2 Sample Preparation and Measurements

The PLE measurements were performed at ambient temperature on VANTAs with a
height of typically ∼ 0.2mm grown on Si and sapphire wafers. A (x, y)-translation stage
and a piezo stage were used to localize luminescent SWNTs under the microscope (either
in air, in an optical vacuum cell, or immersed in a thin solvent layer). For a luminescent
SWNT suspended in air, a few mW of focused laser power could lead to a significant
heating and consequently to small redshifts of optical transitions (PL peaks), in accor-
dance with Raman results of Cronin et al. [155]. This was particularly true for SWNTs
suspended in vacuum. Therefore, low laser powers of typically 0.1-0.5mW, focused to
power densities less than ∼ 5 · 103 W/cm2 (and correspondingly long acquisition times of
up to 30 s per spectrum) were applied to avoid heating effects.
PLE mapping in air or vacuum Fig. 5.1 presents typical PLE contour maps

measured in air on top of several carbon nanotube forests. Rich PL peak patterns but
relatively weak signals indicate that these maps stem from small ensembles of individual
SWNTs. µ-PLE contour maps with 1-2 peaks, as shown in Fig. 5.2, were also frequently
obtained. Observed emission linewidths of 9-14meV are also characteristic for individual
SWNTs suspended over prepatterned substrates and measured at room temperature
[151, 153].
The excitation and emission positions of ∼ 250 PL peaks were determined from about

50 maps measured in air on different surface sites of several VANTAs and plotted as
filled squares in Fig. 5.3. Additionally, relatively weak features attributable to low- and
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Figure 5.1: Typcial µ-PLE contour maps measured on top of a ∼ 0.2-mm-high carbon nano-
tube forest. The maps are measured at different sample sites within three overlapping excitation
ranges. The ranges correspond to a dye and two Ti:sapphire lasers (see Sec. 3.1.2). Some PL
features are assigned to low- and high-energy sidebands (S). Oblique stripes in the first and the
last map are Raman bands of carbon nanotubes. From Ref. [9].
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Figure 5.2: Typical µ-PLE contour maps measured on the top surface of a VANTA in air,
demonstrating only few emitting SWNTs in the laser spot. The origin of the excitation side-
bands (S) at 130-165meV above the main peaks could be due to cross-polarized E12/E21

absorption followed by E11 emission [35, 52]. We tentatively attribute the unusually shaped
and pronounced sideband observed for the (10, 6) nanotube in (b) to interactions between this
and the (9, 7) SWNT. From Ref. [9].

high-energy excitation sidebands were observed, marked with an (S) in Fig. 5.1 and 5.2.
Some of these sidebands stem from exciton-phonon complexes, some others have not
been assigned yet [52]. Such features were rejected in generating Fig. 5.3. Figure 5.3(a)
also includes data points from one sample measured under a vacuum of ∼ 10−6 mbar.
No systematic differences between PL energies measured in vacuum or under ambient
conditions were observed. This result is due to the dielectric constant of air being close
to unity. It also shows that gas adsorption onto the nanotubes at ambient conditions
has only a negligible influence on the PL.

The open, red circles in Fig. 5.3(a) denote average PL peak positions for different
(n1, n2) chiralities. An area enclosed by a circle corresponds to the scatter of experimen-
tal points, which was roughly ±(0.3-1)% and ±(0.3-1.5)% for E11 and E22, respectively.
This scatter is a lot larger than the measurement error and the uncertainty in assign-
ing peak maxima, which we specify to less than ±1 nm, corresponding to ±0.1% and
±0.16% for E11 and E22, respectively. The larger spread of the PL data can be at-
tributed to changes in the surroundings of emitting SWNTs. Following this assumption,
we tentatively relate a few strongly scattered (redshifted) points in Fig. 5.3(a) to SWNTs
detected slightly below the forest surface, in close proximity to other carbon structures.

77



5 Spectroscopic Characterization of Individual Carbon Nanotubes

1000 1200 1400
600

700

800

900

1000

individual measurement

average position 

 PL emission wavelength / nm

(b)

E
x
c
it
a

ti
o

n
 w

a
v
e

le
n

g
th

 /
 n

m

 

(a)

1000 1200 1400 1600
600

700

800

900

1000

water-surfactant

air or vacuum

surface-bound

air-suspended

14,6
15,4

17,0

12,8

11,10
11,9

15,2
16,0

13,0

13,2
14,0

12,1

14,4

13,6

13,8

11,1

11,0
14,1

10,3

9,1

11,6
10,8

13,514,3
12,7

10,9

11,7

12,5

13,3

12,4

7,5

8,7
8,6

11,310,5

8,3

10,2
9,4

7,6

9,8

9,5

9,7

12,2

11,4

10,6

15,1

16,2

Figure 5.3: (a) Wavelength position of electronic transitions and average positions for ∼ 250
peaks, combined from µ-PLE maps of several samples of VANTAs measured in air and in
vacuum. (b) Correlation of the PL peaks for SWNTs in air or vacuum to those in a water-
surfactant dispersion and their assignment to specific (n1, n2) [100]. Filled red circles and black
triangles correspond to measurements of individual, air-suspended and surface-bound SWNTs
from Sec. 5.4.3 and 5.4.4, respectively. Adapted from Ref. [9].

The screening effect of these carbon structures may be the reason for the observed red-
shift of optical transitions of such SWNTs [38].

(n1,n2) assignment of PLE peaks in air or vacuum Figure 5.3(b) compares the
average PLE peak positions of SWNTs in air or vacuum with the positions of empirical
λ11/λ22 fit values of Weisman and Bachilo [100] for SWNTs in aqueous SDS dispersions.
These fit values accurately reproduce (within ±3 nm) the experimental PLE peak posi-
tions obtained for various SWNT materials dispersed with SDS and SDBS surfactants
[2, 78, 100]. Figure 5.3(b) also demonstrates that the λ11 and λ22 wavelengths recorded
in air or vacuum are systematically blueshifted relative to the aqueous dispersion. This
correlation can be seen best for the PLE peaks of small-diameter nanotubes such as (7, 5)

and (7, 6), which fall in a region of low (n1, n2) species density per wavelength or energy
interval. Another ‘anchor point’ for the correlation are the small-helical-angle (zig-zag)
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nanotubes which produce a ‘diagonal edge’ in the point distribution in Fig. 5.3(b). The
blueshifts of PLE peaks amount to +(40-56)meV and +(24-48)meV with mean values of
50±4 and 37±7meV for ∆E11 and ∆E22, respectively. Table 5.1 lists the corresponding
(average) excitation-emission wavelengths and energies as well as the observed shifts.
Note that shifts are quantified only for those 19 (n1, n2) species for which at least three
independent PLE measurements were obtained and for which the chiral index could be
unambiguously assigned.

Within our experimental error or scatter, no systematic correlation between chiral
index and variations in energy shifts was found. For instance, Fig. 5.4, representing
∆E11 and ∆E22 as a function of the nanotube diameter and the (n1 − n2) mod 3 value,
shows no such correlation. Surprisingly, ∆E11 which is determined more accurately than
∆E22, is almost constant for all detected (n1, n2). We conclude that chirality dependent
effects on the emission energy shifts are comparable to the uncertainty in determining
∆E11, i. e. not larger than a few meV.

PLE mapping of immersed nanotubes The low-density VANTAs are mechani-
cally quite delicate structures. For instance, they easily collapse irreversibly upon contact
with tweezers. They also dramatically contract when rapidly immersed in liquids such
as water, acetone or toluene due to capillarity forces [156]. In both cases, ‘collapsed’
material did not show any detectable PL. After storage under ambient conditions for
several months, SWNTs on the surfaces of VANTAs were found to have become less
luminescent, presumably for the same reason.

However, PL from individual SWNTs can still be detected after careful and slow
immersion of the VANTAs into relatively viscous, nonpolar solvents such as paraffin oil
and 1-methylnaphthalene (εr ≈ 2 − 2, 5 in the GHz range, vide infra). Typical µ-PLE
maps are shown in Fig. 5.5(a)-(c). PLE peak positions observed in 1-methylnaphthalene
and especially in paraffin oil are close to those measured in aqueous dispersions, see
Fig.5.5(d). The mean shifts for ∆E11 (∆E22) are −1meV (−13meV) and −14meV
(−27meV) for paraffin oil and 1-methylnaphthalene, respectively.

This suggests a similar screening effect, i. e. a similar value of εr for the water-
surfactant environment as compared to both organic solvents. We explain this in terms
of the surfactant (i. e. hydrocarbon) coating around nanotubes as well as the dynamic
character of the exciton creation and annihilation. At frequencies corresponding to
the typical measured PL lifetimes of individual SWNTs (∼ 20-200 ps, corresponding to
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Table 5.1: (n1, n2)-Assignment of optical transition energies E11 and E22 for SWNTs in air
or vacuum and corresponding energy shifts ∆E11 and ∆E22 relative to SWNTs in water-
surfactant (SDS, SDBS) dispersions. From Ref. [9].

(n1, n2) λ11, air λ22, air E11, air E22, air ∆E11 ∆E22 number number
(nm)a (nm) (eV) (eV) (meV)b (meV)b of peaks of peaks

measured rejectedc

7,5 983(7) 636(2) 1.26 1.95 53 24 5 0
11,0/10,2d 997 720 1.24 1.72 - - 1 0
9,4 1044 696 1.19 1.78 - - 2 0
7,6 1081(2.5) 639(3) 1.15 1.94 44 24 5 0
8,6 1113(4) 700(4) 1.11 1.77 55 37 7 0
12,1 1118(2.5) 774(3.5) 1.11 1.60 51 34 7 0
11,3 1143(2.5) 768(1.5) 1.09 1.62 50 43 6 0
10,5 1191(6) 761(2.5) 1.04 1.63 49 48 20 2
8,7 1201(6) 709(2) 1.03 1.75 56 42 21 1
13,2/14,0d 1245(9) 828(3) 1.00 1.50 - - 9 0
9,7 1253(4) 770(2) 0.99 1.61 52 37 25 2
12,4 1275(4.5) 828(2) 0.97 1.50 50 42 10 1
11,4 1296(9) 702(2) 0.96 1.77 54 26 3 0
10,6 1303(3.5) 737(1) 0.95 1.68 54 37 12 1
11,6 1329(6) 831(4) 0.93 1.49 48 39 20 1
9,8 1338(6) 787(2.5) 0.93 1.57 52 37 20 1
15,1/14,3d 1374 896 0.90 1.38 - - 1 0
10,8 1395(6.5) 838(5) 0.89 1.48 48 44 20 0
13,3/14,1d 1408(5) 738(5) 0.88 1.68 - - 7 0
12,5 1410(3.5) 778(2.5) 0.88 1.59 50 38 14 1
13,5 1420(3) 900(2) 0.87 1.38 40 31 3 0
11,7 1434(8) 814(3) 0.86 1.52 51 42 14 0
12,7 1468 900 0.84 1.38 - - 2 0
10,9 1474(9) 858(3) 0.84 1.45 49 45 7 0
14,4/15,2/16,0d 1518(9) 810(8) 0.82 1.53 - - 4 0
13,6 1533(3) 855(1) 0.81 1.45 50 35 3 0
11,9 1546 918 0.80 1.35 - - 1 0
14,6(?) 1560 961 0.79 1.29 - - 2 0

a average values and standard deviations (in brackets).
b energy shifts in air/vacuum vs. aqueous dispersion are indicated only if the shifts were determined
from at least three measurements and unambiguously assigned to specific (n1, n2).

c redshifted PLE peaks, presumably due to screening (see text for details).
d PLE peaks can be assigned to a several (n1, n2).
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Figure 5.4: Shifts of E11 and E22 energies for semiconducting SWNTs in air/vacuum relative to
aqueous dispersions (D2O/ 1 wt% SDBS) as a function of nanotube diameter and (n1−n2) mod

3 value. Error bars show experimental uncertainty in determining the shifts. Experimental error
of PLE peak positions in D2O/SDBS is neglected. From Ref. [9].

50-5GHz [59]) the real part of the permittivity of water is between 16 and 74 [157, 158]
and decays further for faster relaxation processes. Additionally, with a diffusion length
on the order of 100 nm [159, 160], the time a water molecule at a specific tube position is
exposed to the electric field generated by an exciton is even lower than the PL lifetime.
Thus, the effective frequency is higher than 50-5GHz and εr of water becomes much
smaller than its stationary value of εr ≈ 81 and closer to the permittivity of typical
organic solvents at theses frequencies (εr ≈ 2− 3).

The slight differences of ∆Eii, i = 1, 2 observed for SWNTs in different environments
(including measurements on aqueous dispersions with different surfactants [78, 100] and
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Figure 5.5: PLE of SWNTs immersed in organic liquids. (a) and (b) Exemplary µ-PLE
maps of SWNTs immersed in paraffin oil and (c) in 1-methylnaphthalene. (n1, n2)-Assignment
is based on their correlation with PLE peaks of SWNTs in a D2O/1 wt% SDBS dispersion
shown in (d). Bright stripes are caused by Raman signals of carbon nanotubes and the organic
liquids. (d) Comparison of PLE peak positions for nanotubes immersed in paraffin oil and
1-methylnaphthalene (averaged from several measurements) to HiPco SWNTs in D2O/1 wt%
SDBS. From Ref. [9].

our data for VANTAs immersed in decahydronaphthalene) are difficult to explain with
a (uniform) external dielectric screening effect. They presumably indicate specific inter-
actions of SWNTs with their surroundings. For example, electron transfer to SWNTs
has been proposed for solvents containing strong electron-donating groups [161]. These
interactions can also depend on the nanotube chirality.

Note that shifts in the PLE of immersed CVD-grown nanotubes as well as the ab-
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sence of PL in compacted (collapsed) samples strongly suggests that only SWNTs and no
multi-walled, e. g. double-walled nanotubes contribute to the PL. According to HRTEM
and AFM analysis, most of the VANTAs are composed of large-diameter (≥2 nm) tubes
with low-energy optical transitions, unaccessible in typical experiments. Still, we cannot
exclude a minor fraction of MWNTs with small diameter inner tubes, structurally equiv-
alent to emitting SWNTs. However, the inner tubes are ‘shielded’ and should therefore
experience a quite different screening environment compared to SWNTs, and this should
result in significant differences in their PL properties, if the inner tubes show PL at all.
No such differences were found in this work.

5.1.3 Dielectric Screening Effect in SWNTs

In general, external dielectric screening seems to be the major reason for the PLE energy
shift of SWNTs suspended in air or vacuum (εr ≈ 1) vs. SWNTs in water-surfactant or
organic environments (εr ≈ 2−3). The observation of relatively small (a few tens of meV)
and positive energy shifts in going from εr ≈ 2− 3 to εr = 1 is in good agreement with
theoretical results of Ando [66] and other workers [64, 74, 150, 162]. These authors find
that E11 and E22 optical transition energies correspond to the creation and annihilation of
optically active excitons in the first and second van Hove singularities of semiconducting
SWNTs. Therefore, the transition energies may be written as the difference of the
single-particle (=band gap) energy ESP and exciton binding energy Eb:

Eii(ε
eff
r ) = ESP,ii(ε

eff
r )− Eb,ii(εeffr ) with i = 1, 2 (5.1)

with both terms depending on the effective screening constant εeffr . The first exciton
binding energy, Eb,11 derived from two-photon spectroscopy of SWNTs in an aqueous
dispersion and in a polymer matrix (εr ≈ 2 − 3) is roughly inversely proportional to
the nanotube diameter d and is ∼ 0.27-0.42 eV for SWNTs with d = 0.68 -1.18 nm [7,
8, 163]. The second exciton binding energy Eb,22 derived from resonant Raman spectra
of electrochemically biased SWNTs is ∼ 0.49 and 0.62 eV for SWNTs with diameters of
0.94 and 0.83 nm, respectively [164]. These experimental data correspond to calculated
Eb energies for εeffr = 2 − 4 [74, 150], thus supporting the assumption that εeffr is
mostly contributed by the environment of the nanotube, i. e. εeffr = εr. According to
Perebeinos et al. [150], the exciton binding energy scales as Eb ∝ ε−1.4

r for εr ≥ 4.
When extrapolating this relation to εr = 1 for SWNTs in air, exciton binding energies

83



5 Spectroscopic Characterization of Individual Carbon Nanotubes

Eb,11 ≈ 0.8 -1 eV are obtained. However, the single-particle energy is simultaneously
enhanced (also called ‘band gap renormalization’) and overcompensates this significant
increase in Eb [66, 162]. Both result in a relatively small increase of the E11 and E22

energies as observed in our experiments.

A realistic limit for external dielectric screening of SWNTs may be εr = 5. The
energy shifts of SWNTs embedded in such (inorganic) media vs. aqueous dispersion are
expected to be small as well—comparable to those of SWNTs in air but opposite in
sign. However, the effect of increased screening on the exciton relaxation rate and PL
efficiency could be very pronounced. The low PL efficiency (∼ 10−3 − 10−2) of SWNTs
has been explained by fast relaxation to the dark exciton state(s) ∼ 90meV below the
optically active state responsible for the PL [74]. Assuming a similar scaling relation as
for Eb, this energetic difference would be only ∼ 25meV at εr = 5, i. e. comparable with
the thermal energy at room temperature. Consequently, a thermal repopulation of the
optically active excitonic state could be expected, resulting in strongly enhanced PL.

Exciton diffusion to low-energy areas So far, our interpretation implicitly
assumes that excitons not only arise, but also decay in air-suspended sections of SWNTs.
However, another possibility might be the diffusion of relatively long-lived E11 excitons
along a nanotube to domains with lower exciton formation energies. If the associated
gain in energy overcomes thermal energy, excitons would be trapped there. Such domains
might correspond to nanotube sections (e. g. ends) which are screened by the substrate
or other supporting structures. This local screening-induced diffusion of excitons in
SWNTs would be analogous to strain gradient-induced diffusion of excitons in pure
silicon crystals at low temperatures as studied by Tamor and Wolfe [165]. As opposed
to bulk silicon, expected exciton formation energy gradients in SWNTs can be on the
order of tens of meV, i. e. comparable to thermal energy at room temperature.

Exciton diffusion to low-energy, screened domains followed by recombination and PL
emission would significantly complicate the determination of energy shifts correspond-
ing to εr = 1. However, we exclude this effect in our samples based on the following
arguments. Most PLE peaks recorded on different sample sites of several samples and
assigned to the same (n1, n2) chirality are relatively close to each other [Fig. 5.3(a)].
This indicates a similar surrounding for recombining excitons whereas the opposite is
expected for trapped excitons. Moreover, diffusion and trapping of excitons in differ-
ent domains of the same suspended SWNT (each suspended nanotube has at least two
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contacts with the support) would statistically produce PL signals with slightly varying
emission energies which we did not observe. On the contrary, PLE maps with a single,
narrow emission peak were often measured [see, e. g. Fig. 5.2(a)].
The conflicting results obtained so far by different research groups mentioned in the

beginning suggests a need for further experimental work on environmental effects in
SWNTs. The small blueshifts of E11 and E22 energies found by Lefebvre et al. [151] for
individual SWNTs grown over submicrometer high structures in silicon might be due to
screening effects from the substrate. In this context, SWNTs grown by Yin et al. on
substrates with 1 -2 µm wide, deep trenches seem to be more suitable. However, their
recent Raman investigation of similar samples suggested that the majority of nanotubes
were likely grown in small bundles and that intertube screening is responsible for the
large redshifts of E22 energies [166]. E11 and E22 energies reported by Ohno et al. for
SWNTs grown over a grooved substrate are on average blueshifted, but they contain a
component whose sign and magnitude depends on the value of (n1 − n2) mod 3 and the
nanotube chiral angle θ [153]. This component is very similar to E11/E22 shifts expected
for axially stretched nanotubes [167], suggesting that the nanotubes experienced strain
by a thermally expanding or contracting substrate. This could have been caused e. g. by
laser heating.
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5.2 Blinking of SWNTs at Cryogenic Temperatures

5.2.1 Blinking Background

In single molecule spectroscopy, phenomena like temporal fluctuations of PL intensity,
so-called PL intermittency or simply ‘blinking’, as well as spectral fluctuations (= shifts
in emission peak position), also termed ‘spectral diffusion’ or ‘spectral wandering’, are
quite common [168]. Both phenomena have been observed at low temperatures for in-
dividual organic molecules ([169], and references therein), single polymer strands [170],
semiconductor quantum dots [171, 172] and noble metal clusters [173]. The observa-
tion of blinking and spectral diffusion is normally regarded as an indication that single
nanoscale objects are being probed, as opposed to ensembles.

The processes of PL blinking and spectral diffusion depend on the system under inves-
tigation and are in general not completely understood. The blinking in semiconductor
quantum dots is believed to be due to trapping of photoexcited electrons or -holes on the
surface or within the matrix surrounding the quantum dot. In the so-ionized quantum
dot, nonradiative Auger processes quench all luminescence [174, 175] until the trapped
charge returns to the quantum dot. The mechanisms of PL blinking and spectral wan-
dering in SWNTs are also still part of ongoing research.

Htoon et al. observed both types of single molecule phenomena for the PL of individ-
ual SWNTs deposited onto quartz from a water-surfactant dispersion at a temperature
of 4K [176]. Their nanotubes show PL blinking including complete ‘on-off’ switching
and spectral diffusion of up to ∼ 20meV on a time scale of seconds. Note that individ-
ual SWNTs prepared from water-surfactant dispersions are still coated with surfactant
molecules to a certain degree, even though the sample is usually rinsed with the solvent.
This was shown by AFM image analysis [177]. Rigorous rinsing causes the nanotubes
to be removed from the substrate. SWNTs prepared in a similar way by Hartschuh et
al. did not show any PL fluctuations at ambient temperature [178] whereas Matsuda et
al. did observe blinking for some tubes even at room temperature [179]. This discrep-
ancy could either be attributed to very fast PL fluctuations at ambient temperatures
or to chemical/structural defects in the surfactant/the SWNT itself acting as charge
traps [179]. The only PL study of CVD-grown SWNTs at low temperatures stems from
Lefebvre et al. They grew air-suspended, individual SWNTs (i. e. free of surfactant)
on prepatterned silicon substrates. Surprisingly, they observed complex PLE contour
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maps with a lot of unusual temperature-dependent PL features that remained unas-
signed [180]. In this section and in Ref. [10], we compare the PL of SWNTs deposited
from a water-surfactant dispersion to CVD-grown nanotubes from room temperature
down to 4K. We find PL intermittency and spectral diffusion only for the former at
low temperatures. CVD-grown SWNTs show stable emission over minute time scales at
all temperatures. We therefore believe that PL intermittency and spectral diffusion in
SWNTs are not intrinsic, but can be caused by interactions with a surfactant coating.
In addition, we demonstrate that PLE spectra of well-separated SWNTs at low tem-
peratures are much simpler and manifest phonon-assisted exciton sidebands with lower
intensity than spatially contacting nanotubes. This suggests that interactions between
contacting SWNTs may have contributed to the complexity of low-temperature PLE
spectra reported by Lefebvre et al. and Htoon et al. [84, 180] 1.

5.2.2 Sample Preparation and Measurements

The following samples of individual SWNTs were used for this study:

• Vertically aligned carbon nanotube arrays (VANTAs) comprising of MWNTs as
supporting structures and a small fraction of SWNTs suspended between them
(Sec. 4.1)

• Short pieces of SWNTs protruding from the catalyst pad of horizontally aligned
SWNTs, some presumably in direct contact with a sapphire substrate and some
air-suspended between cracks of the catalyst, grown by carbon monoxide CVD
(Sec. 4.2).

• SWNTs from the HiPco-process, spin-coated on a sapphire substrate from an aque-
ous dispersion containing 1 wt% sodium cholate (Sec. 2.5.3).

Sapphire was the preferred substrate because it does not show any background PL as
opposed to silicon wafers [e. g. Fig. 4.10(d)]. Samples were placed in a continuous-
flow liquid helium microscope cryostat (CryoVac) and evacuated to ∼ 10−7 mbar. The
cryostat was mounted underneath the microscope on a (x, y)-translation stage and a

1In Sec. 5.4.4, we show PL intermittency at room temperature for a CVD-grown SWNT after severe
defects induced by AFM (tube rupture and bending). This demonstrates that defects can play a
role, as well.
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NIR objective (40x/0.6) was used for focusing. Spectral resolution depended on the
diffraction grating used and was either ∼ 1.5 or 0.3meV. As mentioned in the preceding
section, heat dissipation of suspended SWNTs in vacuum can become a problem at high
power densities. A redshift of PLE signals can be observed if the effective nanotube
temperature increases [155]. To avoid such heating effects, low laser powers and power
densities of ∼ 0.1mW and less than 10 kW/cm2, respectively, were used for suspended
SWNTs. A reduction of laser power by another order of magnitude did not reveal any
changes in the PLE contour maps, except for a decrease of signal-to-noise ratio. Due to
a better heat dissipation, excitation powers could be increased to 1mW for individual,
CVD-grown SWNTs on sapphire and 2-3mW for surfactant-coated SWNTs spin-coated
on sapphire. Typical PL integration times were 10 s per spectrum and 15-30 minutes for
a complete PLE contour map.

5.2.3 Observations and Conclusions

Surfactant-coated SWNTs Typical low-temperature PLE maps (here in the form
of 3D plots) of individual, sodium cholate-coated HiPco SWNTs deposited on sapphire
are depicted in Fig. 5.6(a) and (b). The irregular, ‘jagged’ PLE profile, in particular
for the (9, 8) SWNT in Fig. 5.6(a), can be attributed to blinking during the measure-
ment. Fig. 5.6(c) and (d) show ‘time traces’ of the same SWNTs at constant excitation
wavelengths [805 nm and 786 nm for (9, 8) and (9, 7), respectively], where sequential PL
emission spectra are combined to contour maps of time vs. emission wavelength. Emis-
sion energies vary by ∆E11 = 1.5 and 0.5meV for (9, 8) and (9, 7), respectively. Similar
fluctuations of the PL emission energy were seen below ∼ 25K for all ∼ 70 individual
SWNTs measured in spin-coated samples. Most SWNTs demonstrated spectral shifts
close to (9, 8), with ∆E11 up to 2meV. Only a few nanotubes showed less pronounced
(and likely faster) PL fluctuations, similar to the (9, 7) SWNT. Apart from individual
tubes, we also detected temporal and spectral fluctuations of small ensembles within
the resolution of the objective (∼ 0.7 µm, see Tab. 3.1). All PL emission peaks were
symmetric with fwhm of 1-2meV, virtually independent of temperature in the range of
4-10K.
The temporal and spectral fluctuations mentioned above correspond qualitatively

quite well to those reported by Htoon et al. [176]. They deposited HiPco SWNTs from
an aqueous SDS dispersion on crystalline quartz and recorded PL spectra at 4K. There
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Figure 5.6: PL of SWNTs deposited on sapphire from an aqueous sodium cholate dispersion
at 7 and 8K. (a) and (b) 3D µ-PLE map of a (9, 8) and a (9, 7) SWNT. There are major—
presumably phonon-assisted—sidebands in the vicinity of the electronic transition, represented
by the strongest peak. (c) and (d) 60 sequential PL emission spectra, each with an acquisition
time of 10 s at an excitation wavelength of 805 and 786 nm for (9, 8) and (9, 7) nanotubes,
respectively. Assignment follows Ref. [100]. From Ref. [10].

is particularly one kind of SWNTs in their report which demonstrated blinking and spec-
tral diffusion of a few meV as well as symmetric emission lines with fwhm below 5meV.
Quite contrary to this are nanotubes which exhibit jumps in ∆E11 of up to 20meV,
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strongly asymmetric PL emission line shapes and fwhm of up to 10meV. These features
were attributed to accidental doping of SWNTs via gas adsorption and defects induced
by extensive sonication [176]. We dispute this explanation based on the following argu-
mentation. The SWNT material (HiPco) and the sonication procedure applied in this
work were similar to those reported by Ref. [176]. However, we did not observe broad
emission peaks or asymmetric lineshapes. Also, measurements on individual CVD-grown
SWNTs under ambient conditions (mentioned in the previous section and in Ref. [9])
and at low temperatures (this section and in Ref. [10]) demonstrate that the influence
of gas adsorption on the PL of SWNTs is negligible.

A different characteristic feature of deposited, surfactant-coated SWNTs which is
also typical for PL measurements on ensembles of aqueous SWNT dispersions is the
occurrence of strong PLE sidebands, i. e. signals below or above the main electronic
E22 resonance transition [52, 83]. We observed such sidebands for deposited, sodium
cholate-coated SWNTs at ambient as well as at low temperatures, in accordance with
Htoon et al. who used SDS-coated nanotubes [84]. Some of these features have been
attributed to exciton-phonon complexes, others have not been assigned yet. As men-
tioned in Sec. 2.4.4, such phonon-assisted PLE sidebands are believed to be a signature
of strong exciton-phonon coupling in SWNTs [52, 82–84].

Surfactant free SWNTs In contrast to surfactant-coated SWNTs, constant PL
emission (within the stability of our µ-PLE set-up) was observed for all CVD-grown,
surfactant-free SWNTs at temperatures between ambient and 4K, irrespective of the
time scale (varied from seconds to minutes) and irrespective whether individual emit-
ters or small ensembles of SWNTs were probed. We recorded about 50 µ-PLE spectra
from two VANTA samples and one grown by carbon monoxide CVD. Two typical low-
temperature 3D PLE spectra as well as corresponding time traces are shown in Fig. 5.7.
They demonstrate stable PL emission and no spectral wandering for a (8, 7) SWNT
measured on top of a VANTA in Fig. 5.7(a) and for a (9, 4) nanotube grown on sapphire
by carbon monoxide CVD in (b).

Apart from stable PLE spectra, the SWNTs in Fig. 5.7 possess unusually weak PLE
sidebands as compared to surfactant-coated nanotubes. We frequently found such simple
‘one-peak’ spectra for well-separated SWNTs. From 50 PLE spectra acquired from CVD-
grown nanotubes, about 25 showed only one major signal corresponding to one chirality
present in the detection area. Out of these 25, 20 nanotubes or 80% had weak PLE
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Figure 5.7: PL of individual, surfactant-free SWNTs grown by CVD at 6K. (a) 3D µ-PLE
map of a (8, 7) SWNT suspended on top of a VANTA. The inset shows a time trace combined
from 100 sequential spectra each acquired during 10 s at an excitation wavelength of 705 nm. (b)
(9, 4) SWNT grown on sapphire by carbon monoxide CVD. (S) denotes a weak PLE sideband.
The inset is again a time trace combined from 40 sequential spectra each acquired during 10 s
at an excitation wavelength of 710 nm. From Ref. [10].

sidebands. Two further examples from this fraction are depicted in Fig. 5.8.
Observed fwhm were independent of temperature in the range from 4 to 10K and

rather uniform with ∼ 5meV in emission and ∼ 30meV in excitation for air-suspended
SWNTs. Seven µ-PLE spectra recorded from individual emitters were likely to stem from
SWNTs lying on the sapphire substrate, close to the catalyst pad. This was confirmed
by SEM and optical images, a lowered PL intensity (see also Sec. 5.4.4), additional shifts
of E11 and E22 due to dielectric screening of the substrate compared to air-suspended
nanotubes and by slightly broader emission linewidths of ∼ 7meV. The (12, 4) SWNT
shown in Fig. 5.8(b) is an example of such a tube. In general, fwhm of PL emission signals
at low temperatures are less than those measured at ambient temperature (∼ 9 -14meV,
see previous section). However, they are still greater than thermal energy (∼ 0.3meV at
4K). This might be due to slightly different environments experienced by excitons which
can diffuse a certain distance (on the order of 100 nm [159, 160]) before recombining.
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Figure 5.8: Further examples of PL at low temperatures from individual, surfactant-free
SWNTs grown by CVD. (a) Contour map of a (10, 2) SWNT at 6K suspended on top of a
VANTA. (b) (12, 4) SWNT grown by carbon monoxide CVD in contact with the sapphire
substrate at T = 4.8K. (c) PLE profiles (i. e. vertical cross sections of a contour map) at the
emission wavelengths of 992 and 1320 nm for the (10, 2) and the (12, 4) nanotube shown in (a)
and (b), respectively. Sidebands to the optical transitions are hardly observed. From Ref. [10].

A comparison of the PLE data for surfactant-coated and surfactant-free SWNTs sug-
gests that blinking and spectral wandering are of ‘extrinsic’ origin and related to a
particular SWNT environment (or defects). However, the exact mechanism is not clear
yet. In analogy to related systems exhibiting PL blinking (see Sec. 5.2.1) we propose
that photoexcited charges from the SWNT are trapped in the surfactant layer and slowly
recombine on a time scale of seconds at a few Kelvin. Such external charges can cause
spectral wandering due to a Stark shift of the emission energy [169] 2. Blinking has so
far been observed for SWNTs coated with SDS [176, 179] and sodium cholate surfactants
[182]. The chemical structure of both compounds is quite different except that they are
ionic sodium salts. One might expect similar effects for SWNTs enclosed in different
organic matrices. Whether the ionic character of these surfactants is important or not

2In this context, it is interesting to note that the PL of nanotubes can be quenched by applying
external electrical fields [181]
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is unknown. However, a purely neutral encapsulation by atmospheric gas molecules
adsorbed onto cold CVD-grown nanotubes does not lead to spectral or temporal PL
fluctuations.

A similar concept of ejected charges trapped in a dielectric environment has been
used to explain hysteresis effects in the gate-modulated conductance of semiconducting
SWNTs, as well [183]. The hysteresis complicates the use of SWNTs in future electronic
devices. If fluctuations in conductance and PL have the same origin, PL spectroscopy
could be used to check the quality of SWNT-based transistors.

The stable, low-temperature PL of surfactant-free SWNTs demonstrated in this sub-
section are quite consistent with observations of Lefebvre et al. for CVD-grown SWNTs
under helium, bridging submicrometer-high structures on silicon at temperatures down
to 5K [180]. However, in contrast to this work, they observed rather complex spectra
with peak splittings of a few meV and small shifts of emission lines upon decreasing the
temperature below 20K. One possible explanation for these effects could be a partial
localization and radiative recombination of excitons in regions of the nanotube screened
by the substrate or other structures with lower exciton formation energies (we discussed
this possibility in the previous section). This could explain the onset of splittings of a
few meV at about 20K. Despite this difference which is likely caused by the different
kind of samples, the observation discussed in the next paragraph is also in accordance
with the results of Lefebvre et al.

Small ensembles of SWNTs When several individual emitters were within the
detection area of our microscope, we frequently observed much more complicated struc-
tures than just a superposition of individual PLE signals. Typical features included (i)
broad and strong PLE sidebands, (ii) enhanced phonon-assisted PLE sidebands and (iii)
unusually shifted and unidentified PLE peaks. Due to the smaller linewidths at cryogenic
temperatures, these features were particularly apparent. Figure 5.9 shows an example
of such a case for nanotubes detected on top of a carbon nanotube forest at 6K. Three
air-suspended, individual SWNTs could be identified and assigned to (13, 2), (12, 4) and
(8, 6). There are high-energy PLE sidebands (S) ∼ 100meV and 180meV above the
zero-phonon line (white ovals) with signal intensities up to 20%. The latter could be
due to a exciton-phonon complex of a dark exciton, ∼ 20meV below the lowest bright
E22 exciton and a G-mode phonon [84, 85]. The sideband assigned as E11 + (D∗ + G)

of the (12, 4) SWNT is even brighter than the zero-phonon line, although the D∗ and
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Figure 5.9: µ-PLE contour map from a small ensemble of individual, closely adjacent
surfactant-free SWNTs grown by CVD and detected on top of a VANTA at T = 6K. Red
open circles are assigned to pure electronic transitions of air-suspended (13, 2), (12, 4) and
(8, 6) SWNTs. Dotted lines correspond to D∗ and (D∗ + G) Raman bands. Note that the
E11 + (D∗ +G) signal of the (12, 4) nanotube is stronger than that originating from the zero-
phonon exciton. White ovals (S) denote high-energy (E22 + ∆E) PLE sidebands of the (13, 2)

SWNT. Unidentified PL features are indicated by white open circles (X). From Ref. [10].

(D∗ + G) Raman signals are rather weak. In addition, there are several features in
Fig. 5.9 marked with open white circles which could not be unambiguously assigned.
Their intensity is comparable to PLE sidebands. If they originated from SWNTs with
other chiral indices, their transition energies would be unusually shifted compared to
suspended, substrate-screened or dispersed SWNTs (vide infra).

Our results for individualized CVD-grown SWNTs as compared to small ensembles
thereof suggest that spatially close-lying segments of individual SWNTs in ensembles
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have a substantial influence on each others PLE spectra, like the enhancement of PLE
sidebands. Therefore, one can conclude that the strength of exciton-phonon coupling
depends on the environment of the SWNT and the thereby introduced perturbations.
One kind of perturbation can be constituted by intertube interactions. In contrast to
the special case of Fig. 5.9, exciton-phonon coupling appears to be especially weak in
air-suspended and therefore unperturbed SWNTs at low temperatures, as demonstrated
by Fig. 5.7 and 5.8.

(n1,n2)-assignments and PL intensities The assignment of E11/E22 optical
transition energies to specific (n1, n2) chiralities given throughout the section is based
on different references and observations: At ambient temperature, PLE maxima of de-
posited surfactant-coated SWNTs are close to the ensemble values of SWNTs in the
initial dispersion, albeit with some scattering as individual emitters are probed (this
topic is discussed in Ref. [111]). Thus, PLE signals can be assigned to (n1, n2) chiral-
ities according to Weisman and Bachilo [100]. Referenced to a dispersion of SWNTs,
air-suspended and surfactant-free nanotubes demonstrate a relatively uniform increase
of ∆E11 = 50±4meV and ∆E22 = 37±7meV due to the absence of dielectric screening,
as discussed in the previous section [9]. These shifts and the assignment of Weisman and
Bachilo can also be applied at cryogenic temperatures if taking into account a small addi-
tional blueshift of a few meV as a result of the temperature decrease [155, 180]. However,
for tubes with very similar E11/E22 energies, an unambiguous assignment was not always
possible. The external dielectric screening effect of bare SWNTs on sapphire substrates
is smaller than that for dispersed or deposited, surfactant-coated SWNTs, but obviously
not as small as air-suspended tubes with εr = 1. Consequently, the shifts are in between
both, and referenced to dispersed SWNTs, there is a blueshift of ∆E11 ≈ 15 − 30meV
and ∆E22 ≈ 10−25meV. The matter of surface-bound SWNTs (on SiO2) and the shifts
involved will be discussed further in Sec. 5.4.4.

For a comparison of PL intensities of SWNTs in different environments (air-suspended,
deposited from dispersion and in direct contact with a surface) at ambient temperatures,
the maximum intensity from a PLE contour map of an individual SWNT, measured with
the same microscope set-up, was divided by acquisition time and excitation power. We
thereby assume (and checked) that the relation of PL intensity and excitation power is
still in a linear range. Other calculation schemes like using the integral PL intensity (an
area) when the nanotube is excited at E22 resonance or even the intensity integrated over
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the whole 2D PLE map (a volume) with or without fitting the peak with analytical 1D
or 2D functions were tested but resulted in roughly the same results. It turns out that
the individual scatter from one measurement/SWNT to the other (even with the same
chiral index) is larger than the error of the different calculation schemes. We see this as a
further evidence that the environment (different configurations, defects, external pertur-
bations etc.) of a nanotube has paramount influence on the PL intensity and therefore
on its PL quantum yield. Of course, other factors like the orientation of the polarization
vector relative to the tube axis are important, as well. On average, typical PL intensities
were found to scale as ∼ 100 : 50 : 5 for individual, air-suspended SWNTs; surfactant-
coated, deposited SWNTs and as-grown, surface-bound CVD SWNTs (on sapphire or
SiO2). This relation holds also at cryogenic temperatures. At low temperatures, the
integral intensities increased by a factor of ∼ 2−5 whereas the absolute intensity on the
emission/absorption peak maximum increases by about one order of magnitude which
is due to narrower PL peaks.
In Sec. 5.5 we show measurements of single nanotubes randomly diffusing in a water-

surfactant dispersion [13]. Their intensities are comparable to air-suspended SWNTs, but
we used a 100x/1.4 oil-immersion objective (Leica) instead of a non-contact 100x/0.95
objective (Olympus), yielding a higher excitation power density in the focus and a larger
collection efficiency (a numerical aperture of 1.4 as compared to 0.95). This accounts
approximately for a factor of two (1.42/0.952) and shows that SWNTs deposited from a
water-surfactant dispersion possess similar PL intensities as in dispersion.
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5.3 Direct Observation of Deep Excitonic States in

the PLE Spectra of SWNTs

5.3.1 Bright and Dark Excitonic Levels

It has been mentioned in Sec. 2.4.4 that for the excitonic picture of SWNTs, interband,
single-particle transitions are conceptually replaced by manifolds of excitonic states pro-
gressing to a corresponding continuum band [see also Fig.2.8(c) and (d)]. Absorption
(more specific: one-photon absorption, OPA) and PL emission is then explained on the
basis of exciton creation and annihilation into/from dipole allowed (‘bright’) states. Ad-
ditionally, group theory and theoretical calculations predict dipole forbidden, so-called
‘dark’ states below every bright exciton, including the lowest one. However, even the
most recent calculations cannot unambiguously determine the energy separations of ex-
citon manifolds, relaxation dynamics and the chirality dependence. For instance, calcu-
lated separations of the lowest (singlet) dark excitonic level below the lowest bright E11

exciton range from about -5meV to more than -100meV [8, 56, 73–77]. Note that in our
case, ‘bright’ and ‘dark’ states refer to one-photon absorption (OPA) and emission only.
The bright (dark) excitonic states corresponding to the interband transitions formally
labeled as Eii are now labeled according to wave vector group theory as A2 (A1) for chiral
and A2u (A1u) for zig-zag SWNTs, respectively (armchair nanotubes are always metallic
and not part of this work). However, these labels do not permit a differentiation between
the bright exciton of the E11 and E22 band. Therefore, we call the A2(u) exciton of band
i ‘optically allowed’ Eii exciton or OEi for short. Weakly optically allowed excitons are
referred to as ‘dark’ or ‘weakly allowed’ excitons or DEn, where n is a running index of
the different dark excitonic states observed. As this work is purely experimental, we do
not consider a further assignment of the DEn states to A1(u) or to e. g. triplet excitons
which are also below OEi [77].

So far, the existence of deep excitonic states in SWNTs has not been observed di-
rectly. Such states have been postulated to explain the low PL quantum yield [8, 73, 74]
(η ≈ 10−3 from ensemble measurements [2, 78]) and the observations from pump-probe
experiments that specific absorption transients decay more slowly than the PL [184, 185].
For the interpretation of the PL temperature dependence of SWNT dispersions, a shal-
low dark state only 1-5meV below OE1 has been invoked [186, 187].
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Here and in Ref. [11], we report for the first time the observation of red-shifted PL
emission satellites of individual, air-suspended SWNTs which we tentatively assign to
weakly optically allowed excitonic states approximately 38-45 and 100-130meV below
OE1. The nanotubes were excited via OE2 using µ-PLE spectroscopy. The same exper-
imental set-up, cryostat and objective as already described in Sec. 5.1 and 5.2 was used.
Similar satellites redshifted by 90-143meV for different (n1, n2) species were also found
for ensembles of dispersed SWNTs which were excited via OE1. Excitation of ensembles
via OE1 has the advantage that the satellites do not overlap with features from other
chiralities.
The samples used in this study were similar to those in the previous section: (i) CVD-

grown VANTAs and in particular the SWNTs air-suspended on the top surface; (ii)
SWNTs grown by carbon monoxide CVD, air-suspended between cracks in the catalyst
material and (iii) HiPco and PLV nanotubes in D2O/SDS or SDBS dispersions. PLV-
SWNT dispersions with a very narrow chirality distribution were obtained by density
gradient ultracentrifugation in iodixanol [33]. Ensemble PL spectra of dispersions were
acquired with a Fourier Transform IR spectrometer (Bruker, ‘IFS66’) equipped with a
liquid-nitrogen-cooled Ge photodiode [78]. For excitation, a monochromatized xenon
lamp light source with a fwhm bandwidth of 7.5 nm and a wavelength scan step of 3 nm
was used. FTIR-PL maps were corrected for wavelength-dependent excitation intensity
and spectrometer response function.

5.3.2 Observations and Conclusions

In order to facilitate interpretation of the PLE spectra, only single emitting SWNTs,
preferably also ones having a high emission intensity were studied on every sample.
We believe that most SWNTs satisfying this criteria were air-suspended (see previous
section or Ref. [10]). Figure 5.10(a) shows an example of such a single (9, 7) SWNT
at ambient conditions. A relatively intense, single peak PLE spectrum and a charac-
teristic blueshift compared to a (9, 7) tube in a water-surfactant dispersion indicates
an individual, air-suspended SWNT (see Sec. 5.1 or Ref. [9]). Apart from a sideband
(S) at the same emission energy, there are also two weak and broad emission satel-
lites redshifted by ∼ 40meV (shoulder) and ∼ 110meV. We focus on these emission
satellites in this study and label the former DE1 and the latter DE2. Similar features
have been observed in four other single-emitter PLE contour maps which exhibited a
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Figure 5.10: µ-PLE contour maps from suspended, single emitters at room temperature and at
T = 6K. The bottom panels show PL emission spectra excited at the E22 absorption maxima
of the nanotubes. PLE sidebands are labeled with ‘S’ and the assignment corresponds to that
of Sec. 5.1. (a) (9, 7) SWNT at ambient temperature. Two weak emission satellites are visible.
(b) (9, 4) SWNT at 6K. Only one emission satellite is observed with a shift similar to that in
(a). From Ref. [11].

sufficiently high signal-to-noise ratio at room temperature. We also measured three con-
tour maps at temperatures between 5 -7K. Due to the reduced linewidth compared to
ambient temperature, we observed well-resolved but somewhat weaker DE1-satellites
at ∼ 40meV and very weak or no features at lower energies. Figure 5.10(b) shows a
(9, 4) SWNT at 6K and a corresponding PL spectrum at maximum absorption. Alto-
gether, two groups of emission satellites were found for seven different (n1, n2) chiralities
[(8, 7); (9, 4); (9, 7); (10, 2); (11, 3); (12, 1); (12, 4)], redshifted by ∆EDE1 = 38 − 45 and
∆EDE2 = 100− 130meV relative to OE1, correspondingly. The intensities of the satel-
lites were between 30 and 300 times lower than those of the main PLE peaks.

Apart from µ-PLE spectra of individual, air-suspended SWNTs, we also observed the
above-mentioned satellites upon OE1 excitation in water-surfactant dispersions. The
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ensemble PLE contour map in Fig. 5.11(a) shows HiPco SWNTs dispersed in D2O/SDS
excited in the OE1 region (∼ 900-1500 nm). Typical features include the main OE1

excitation/OE1 emission PL signals, superimposed with Rayleigh scattering as well as
exciton-phonon complexes of the OE1 exciton with G- and D∗-mode phonons. All of
these features are well-known in the literature [2, 52, 78, 83]. There is another group
of PLE signals, indicated by a red dashed line and labeled with DE2. A combined
inspection of these peaks and the OE2 region (not shown) suggests that these features
cannot be assigned to any known PLE features. They correspond to OE1 excitation and
(OE1−∆E) emission as indicated for (9, 5) nanotubes in Fig. 5.11(a). The same emission
satellites can be even better seen in the PLE map of Fig. 5.11(b), where the (8, 7) SWNT
was enriched by ultracentrifugation. This map also shows the OE2 excitation/OE1 emis-
sion range which indicates that (8, 7) is the most prominent nanotube in the ensemble.
Consequently, the emission satellite corresponding to this tube at OE1 excitation is most
prominent as well and can be clearly assigned to (8, 7)−DE2 in Fig. 5.11(b). A corre-
sponding feature is also expected for OE2 excitation (as in Fig. 5.10) and a faint peak
is indeed observed—albeit weaker than that excited at OE1. The PLE contour map
in Fig. 5.12 shows a (9, 7) enriched carbon nanotube dispersion where DE2 satellites
excited at both OE1 and OE2 are more distinctively observed. Therefore, the redshift of
the emission satellites for a (9, 7) SWNT is about 125meV. In contrast to air-suspended
SWNTs, the intensity of the DE2 emission satellites in ensembles was only ∼ 10 times
less than the main excitonic OE2 excitation/OE1 emission transition. The stronger
satellites are likely due to stronger perturbations experienced by dispersed SWNTs.

Ensemble PLE contour maps of other ‘standard’ (i. e. not enriched) HiPco and PLV
nanotubes dispersed in SDS or SDBS show similar emission satellites (acquired from
OE1 excitation due to aforementioned reasons) redshifted by ∆EDE2 = 95 − 143meV.
Figure 5.13(a) plots ∆EDE2 as a function of nanotube diameter. A significant increase
for tubes above d = 0.85 nm can be observed. It is possible that dispersed SWNTs
also show DE1 emission satellites. However, their detection was hindered due to strong
Rayleigh scattering and broad ensemble PLE peaks (see Figs. 5.11 and 5.12). The two
groups of emission satellites observed for air-suspended and water-dispersed SWNTs—
DE1 and DE2—are tentatively attributed to dark excitonic states below the first bright
OE1 exciton. We rule out phonon-assisted transitions as a possible explanation because
of the observed diameter dependence shown in Fig. 5.13(a). The schematic diagram of
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Figure 5.11: PLE contour maps from nanotube ensembles in dispersion. (a) HiPco nanotubes
dispersed in D2O/1 wt% SDS. The white, sharp stripe of high intensity is due to Rayleigh
scattered excitation light. Broadening of this stripe is a result of different indicated nanotubes
and their OE1 PL emission which is almost identical to OE1 excitation since the Stokes shift is
small. The assignment of the broadenings is determined from the characteristic OE2 excitation
region between 550 and 900 nm (not shown). The white G and D∗ lines denote (OE1 + G)
and (OE1 + D∗) phonon-assisted excitations and OE1 emissions. The red DE2 line indicates
emission peaks from low-energy dark excitonic states excited viaOE1. Arrows correlate phonon-
assisted and dark excitonic peaks with a (9,5) SWNT. (b) PLV nanotubes dispersed in D2O/1
wt% SDBS, enriched in (8, 7) SWNTs by density gradient ultracentrifugation. The contour map
combines both OE2 (∼ 600-900 nm) and OE1 (∼ 1100-1400 nm) excitation regions. Arrows link
the zero-phonon peaks of (8, 7) with DE2 and dashed lines have the same meaning as in (a).
Note that the DE2 peak is most prominent and unobscured in this sample. From Ref. [11].

energy levels in semiconducting SWNTs in Fig. 5.13(b) summarizes our results. DE1 and
DE2 are approximately 40 and between 100 and 140meV below OE1, respectively and
can be populated via excitation of OE1 or OE2, followed by nonradiative relaxation.
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Figure 5.12: PLE contour map
from PLV nanotubes dispersed in
D2O/1 wt% SDBS, enriched in
(9, 7) SWNTs by density gradient
ultracentrifugation [33]. Both OE2

and OE1 excitation regions are
shown. Dashed lines link OE2

excitation/OE1 emission, OE1

excitation/OE1 emission and cor-
responding DE2 emission satellites
of the dominant (9, 7) nanotubes.
From Ref. [11].

Surprisingly, the energy separation ∆EDE2 for tubes of the same chirality does not
change much for air-suspended or dispersed SWNTs. On the other hand, the binding
energy of the OE1 exciton is known to decrease with increasing dielectric screening
[9, 56, 64, 66, 150, 188] and Jiang et al. have recently predicted an increase in ∆E for
the lowest-energy dark exciton of a (10, 0) SWNT when taking dielectric screening into
account [56]. Triplet states are not included in the scheme of Fig. 5.13(b), although
they have been considered theoretically [56, 73, 75, 77]. However, we believe that they
are not significant for the photophysics of SWNTs due to the weak spin-orbit coupling
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(a) (b)

Figure 5.13: (a) Energy difference between OE1 and low-energy dark excitonic states DE2,
∆EDE2 , as a function of nanotube diameter d. The shifts have been extracted from various
PLE maps of HiPco and PLV nanotubes dispersed in D2O/SDS or SDBS and excited in the
OE1 spectral region. Experimental error bars are ±5meV. (b) Schematic diagram of excitonic
manifolds (horizontal lines) and electron-hole continuum bands (shaded areas) in semiconduct-
ing SWNTs. One-photon optically allowed states and transitions into/from OE1 and OE2 is
indicated by vertical arrows. Radiationless decay is depicted by wiggled arrows. The presence
of possible excitonic states other than DE1 and DE2 (lying ∼ 40meV and ∼ 100-140meV below
OE1) which were not detected in this study is indicated by dashed lines. From Ref. [11].

of carbon, at least if spin interconversion due to external perturbations (e. g. catalyst
particles) can be neglected.
In our very recent studies on dispersions of SWNTs in toluene, highly enriched with a

single chirality (so-called ‘monodispersions’), the existence of two weakly allowed emit-
ting states below OE1 was confirmed and their effect on quantum yield and relaxation
pathways was further elucidated [35]. These studies showed that the majority of OE2

excitons relax first to OE1. It appears, however, that DE1 and DE2 can be directly
populated from OE2 via a minor relaxation channel (. 20%). In the future, it will
be of interest to probe modifications of such deep dark states by controlled mechanical
deformation or the application of external electric or magnetic fields.
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5.4 Spectroscopy and AFM Manipulation of

Individual, Ultralong Carbon Nanotubes

5.4.1 Background

SWNTs in typical dispersions exhibit average lengths of a few hundred nanometers as
determined by AFM imaging of deposited (e. g. spin-coated) nanotubes [145]. Even
if the starting material consists of very long tubes, e. g. VANTAs, tip-ultrasonication
efficiently cuts them into short pieces. On the other hand, (far-field) PL and Raman
microscopes have an optimum resolution of 300 nm, so SWNTs deposited on a surface
from dispersion can only be probed 2-3 times going from one end to the other. Therefore,
we tried to grow individual, long SWNTs by CVD to observe their PL properties along
the z-axis and to check structural integrity (changes of chirality) along a nanotube.
However, as opposed to HiPco and PLV SWNTs, nanotubes grown by thermal CVD
with a supported catalyst tend to have diameters larger than 1.4 nm which corresponds
to SWNTs emitting PL above 1600 nm (= the upper limit of our InGaAs detector).
Additionally, Lefebvre et al. and Jeong et al. claimed that the PL of individual, as-grown
SWNTs is completely quenched when being in direct contact with a surface [189, 190]
and that only air-suspended sections of SWNTs show PL (or surfactant-coated when
deposited from dispersion). In Sec. 5.2, we have already reported on the possibility to
observe PL from SWNTs in contact with a surface, albeit with very low signal intensities
of only ∼ 5 % compared to air-suspended tubes. In this work and in Ref. [12, 191], we
discuss PLE and Raman spectra along ultralong SWNTs and perform AFM and SEM
imaging as well as AFM manipulation on the same nanotube. The following samples of
individual, surface-bound SWNTs were used for this study:

• Horizontally aligned carbon nanotube arrays from CO-CVD on sapphire (Fig. 4.9)

• Long, individual SWNTs from ethanol CVD on Si/SiO2 (Fig. 4.8)

• SWNTs synthesized by methane CVD from Li et al. on prepatterned Si/SiO2

(Fig. 4.11) [136].

The samples received from Li et al. contained etched trenches and markers which allowed
for measurements of air-suspended SWNT sections and also facilitated tube retrieval via
SEM, AFM and PL microscope. Hence, most of this section focuses on these samples.

104



5.4 Spectroscopy and AFM Manipulation of Individual, Ultralong Carbon Nanotubes

5.4.2 Nanotubes from CO-CVD

The ultralong nanotubes shown in Fig. 4.9(a) and (b) seem to be ideal samples for
PLE mapping and PL imaging along the tube z-axis. However, none of these tubes
protruding over several hundred micrometers displayed measurable PL. Only close to
the edge between catalyst pad and substrate, PL signals from multiple SWNTs were
observed. However, PL imaging (with an excitation power of 3-4mW, an excitation
wavelength of 830 nm, a piezo step size of 500 nm and the Olympus 100x/0.95 objective)
showed that most such nanotubes exhibited rather localized, ‘point-like’ PL as depicted
in Fig. 5.14(a) as opposed to elongated, ‘tube-like’ images as shown in Fig. 5.14(b). In
fact, Fig. 5.14(b) was the only observable PL image of this sample which indicated a
straight and long SWNT resting completely on the sapphire surface. However, finding
this spot again was not possible due to a lack of markers. The insulating substrate also
prevented high-magnification SEM images.

We therefore focused on the investigation of the very long nanotubes visible in the
SEM images to find out why they were not showing any measurable PL. For that pur-
pose, we used Raman spectroscopy, Raman imaging (with 633 nm excitation, 2-3mW
excitation power and a 100x/0.9 objective) and AFM [Veeco Instruments, ‘Multi Mode’
with NSC15 silicon cantilevers (MikroMasch) in intermittent contact mode]. Figure
5.15 shows a few exemplary measurements of 4 long nanotubes. Figure 5.15(a) is a
SEM image which facilitated orientation on the sample. Horizontal, black bars mark
regions of the tubes, where AFM images and height profiles were recorded. Rectan-
gles denote areas where Raman imaging was performed. Two of them are depicted in
Fig. 5.15(b) and (c) (10 x 20 µm and 50 x 50 µm, respectively). They correspond to the
red and green rectangle, respectively and were measured with vertically polarized exci-
tation light. Thus, horizontal sections of the tubes in both images show less intensity
than vertical ones. The step size in Fig. 5.15(b) was 0.2 µm, and for image build-up, the
area around the G-mode was integrated. No RBMs were detected3 and average AFM
heights were 1.3± 0.3 nm. The image in Fig. 5.15(c) was recorded with a step size of
0.4 µm and integration was performed over the D∗-mode, thereby visualizing all three
strands of tube (2) and (3). However, tube (2) also exhibited 3 RBMs corresponding to
diameters of 1.7, 1.9 and 2.3± 0.1 nm as shown in Fig. 5.15(d). The error is mainly due

3The resonance window for SWNTs in RRS is approximately Eii ± ωmode. If 633 nm is not within
Eii ± ωRBM , it can still be within Eii ± ωG as ωRBM < ωG.
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Figure 5.14: PL images of individual, surface-bound SWNTs grown by CO-CVD, close to the
catalyst pad. Excitation wavelength and piezo step size (= pixel size) is 830 nm and 500 nm
in (a) and in (b), respectively. Images were acquired by integrating over specific areas in
the spectrum (see Fig. 3.3 on page 50). The catalyst pad is close to the right of each image.
Laser excitation light is horizontally polarized. (a) Typical ‘point-like’ image of three different
nanotube species, represented by blue, green and red. Overlapping colors (e. g. the red and blue
areas) represent spatially close (but spectrally separated) SWNTs. Individual spectra from the
center of each nanotube ‘spot’ are shown in (c). (b) Individual, elongated SWNT. (d) PL
emission spectrum from the image depicted in (b). A Lorentz fit (in red) exhibits a typical
fwhm of 17meV.

to an assumed ∼ 5% uncertainty of the proportionality constant A = 248 cm-1nm [88].
The largest spectroscopically determined diameter corresponds well to average AFM
heights of 2.5± 0.2 nm. We believe that tube (2) is an example of a small bundle of
SWNTs. We rule out the existence of a triple-walled carbon nanotube (TWNT), since
the differences in diameters do not correspond to 0.72± 0.02 nm as measured by X-ray
diffraction of double-walled carbon nanotubes (DWNTs) [192]. However, a bundle of
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Figure 5.15: SEM and Raman images/spectra of very long, surface-bound nanotubes grown
by CO-CVD, far away from the catalyst pad. (a) SEM image serving as a ‘map’ for Raman
spectroscopy and AFM imaging. Horizontal, black bars indicate AFM height measurements.
Rectangles mark positions of Raman images. Two such images and one Raman spectrum are
depicted in (b), (c) and (d), respectively. (b) Raman image of the red area of SWNT (1) (see
text for details). (c) Raman image of the green area, showing SWNT (2) and (3) (see text
for details). (d) Single Raman spectrum of the nanotube within the blue rectangle shown in
(a). Three RBM peaks are visible. Background Raman signals from the sapphire substrate are
denoted with an asterisk. Diameters determined by AFM or Raman for all 4 visible nanotubes
are listed below.

one SWNT (1.9 nm) and one DWNT (1.7 nm as inner and 2.3 nm as outer tube) might
be possible. Whatever scenario is true, it shows that small bundles of nanotubes might
be confused with individuals when considering AFM height measurements alone. It
also proves that a simultaneous growth of several nanotubes in bundled form is possi-
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ble. Tube (3) was only weakly in resonance with 633 nm excitation light (only a weak
D∗-mode was observed) and no Raman signal was recorded for tube (4).

In total, we performed µ-Raman spectroscopy on 20 nanotubes. For 11 tubes we
were able to determine RBM frequencies and thus diameters which ranged between 0.5
and 2.5 nm, with an average of 1.8± 0.5 nm. 8 tubes exhibited several (either two or
three) RBM signals. Only for 2-3 tubes did the spacing of diameters agree with that of
a DWNT. About 70 individual AFM height measurements revealed diameters between
0.6 and 3.7 nm, with an average of 2.1± 0.8 nm. There was no nanotube that showed
both only one RBM signal and a RBM frequency below 1.4 nm (our largest detectable
diameter by PL). We therefore believe that the diameter of most nanotubes was too
large to be detected via our PL set-up, and that the small amount of nanotubes with
d ≤ 1.4 nm (about 5 RBM frequencies and 2 AFM measurements indicating such a
diameter) was either bundled, an inner tube of a DWNT, metallic or showing PL too
weak to be detected.

5.4.3 Nanotubes from Ethanol CVD

The bulk Raman spectrum in the inset of Fig. 4.8(d) indicates SWNTs with diameters
small enough to be detected via PL. Loop structures like the one shown in the inset of
Fig. 4.8(e) show interesting electroluminescent effects in the field of carbon nanotube
optoelectronics [193]. However, we could not find any luminescent SWNTs exhibiting
loop structures. Figure 5.16 shows SEM, AFM and Raman images of the same loop in a
SWNT of 1.6 nm diameter as determined via AFM. The tube was made by ethanol CVD,
rests on SiO2 and is part of a SWNT with a length of more than 100 µm. By correlating
scanning electron with optical micrographs, the loop could be retrieved in the different
instruments. The G-mode Raman images in Fig. 5.16(c) and (d) are both identical
(633 nm excitation, excitation power of ∼ 2mW, 10 x 10 µm with a step size of 0.1 µm,
100x/0.9 objective) except for the polarization. In Fig. 5.16(a)[(b)] the excitation light
is horizontally [vertically] polarized, amplifying only those sections of the SWNT which
are aligned parallel to the polarization. The intensity I is thereby related to the angle
α between tube z-axis and polarization vector ~P via [194]

I ∝ cos2 α. (5.2)
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Figure 5.16: (a) SEM, (b) AFM error signal, (c) and (d) Raman images of the same loop
in a SWNT grown by ethanol CVD. ~P denotes the polarization vector of the excitation light
(see text for details).

The polarization of excitation light in our Raman microscope cannot be changed due to
a highly polarizing holographic beamsplitter cube [(6) in Fig. 3.4 on page 52]. Therefore,
the sample was rotated by 90◦ to acquire the Raman image of Fig. 5.16(d).

Inside an indentation of the catalyst pad, we were also able to find an individual,
50 - µm-long SWNT on this sample showing PL [191]. An SEM image of this tube
(combined of several individual ones, with 10 kV acceleration voltage) is depicted in
Fig. 5.17(a). The contrast was strongly enhanced for an optimized view of the tube,
thereby overexposing the catalyst edges. In the optical bright field micrograph of
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Figure 5.17: (a) SEM image assembled from 5 overlapping SEM pictures showing a 50 - µm-
long section of a SWNT. (b) Optical bright field image of the same area as in (a). Circles
(A)-(K) follow the SWNT and denote positions of measured PLE contour maps (see Fig. 5.18).
(c) PL image of a 10 - µm-long section of the same nanotube gathered by exciting the SWNT
at 850 nm and integrating the PL emission signal around 1480 nm. From Ref. [191].

Fig. 5.17(b), the catalyst ‘fjord’ which is crossed by the SWNT can be seen much better.
Circles mark the positions of measured PLE contour maps, each shown in Fig. 5.18(A)-
(K). A PL image of a 10 - µm-long section of the same SWNT is illustrated in Fig. 5.17(c).
The PL spectra for the image were acquired at an excitation wavelength of 850 nm, an
excitation power of ∼ 5mW, a step size of 0.2 µm and with the Leica oil immersion
objective (100x/1.4) described in Tab. 3.1. The PL image was then assembled by in-
tegrating each spectrum around 1480 nm. Due to the small diameter of the SWNT, it
can be essentially regarded as an infinitesimally thin, luminescent rod. The fwhm of a
vertical cross section of the nanotube PL image is therefore a measure for the resolution
of the microscope. On average, we thus determined a resolution of about 400 nm which
is close to the theoretically determined resolution of the objective of about 300 nm. Ad-
ditionally, no significant PL intensity changes along the SWNT can be seen (variations
are within ±5%), i. e. light is emitted uniformly on a length scale larger than 400 nm.
The polarization vector of the incident beam is approximately parallel to the tube axis
in Fig. 5.17 and for all PLE maps in Fig. 5.18.

The PLE contour maps of Fig. 5.18(A)-(K) were recorded at intervals of 5 µm. The
excitation wavelength was tuned in steps of 2 nm. The spectra were cut on the low wave-
length side (below 1300 nm) to block the large background luminescent signal of silicon.
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Figure 5.18: PLE contour maps recorded at eleven 5 - µm-spaced positions (A)-(K) shown in
Fig. 5.17(b). From Ref. [191].

A close inspection of the signals (via fitting of Lorentzian functions in excitation and
emission) shows that the PL maximum (fwhm) varies between 842-847 nm (18-20meV)
in excitation and between 1472-1481 nm (40-48meV) in emission. Average values are
844± 1 nm (fwhm: 18.5± 0.1meV) and 1476± 3 nm (fwhm: 44.8± 0.3meV), respec-
tively. A PLE contour map with a larger range of excitation wavelengths is depicted
in Fig. 5.19(a). We did not observe any other signal within our detection range. We
attribute the small variations in emission/excitation energies to changes in the local
surroundings of the tube and to its interaction with the substrate. The oblique stripes
in the PLE contour maps of Fig. 5.18 and 5.19(a) are probably due to higher order
Raman signals, either from the tube itself or from impurities (e. g. soot). One of these
Raman signals seems to overlap with the main electronic transition and to produce an
asymmetric peak shape. Despite this effect, Fig. 5.18 and 5.19(a) clearly show that
the SWNT retains its chirality at all probed spots along 50 µm. The uniform structure
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Figure 5.19: (a) PLE contour map at position (C) in Fig. 5.17 over a larger range of excitation
wavelengths (708-887 nm), recorded with Ti:sapphire laser I and II. (b) AFM image of the
nanotube. The rectangle marks a region which is used to calculate an average profile shown in
(c). The vertical distance of the red markers in (b) and (c) corresponds to the diameter of
the SWNT. The value of 1.306 nm agrees well with that of a (10, 9) SWNT (1.29 nm).

of the nanotube likely indicates a uniform growth process. Comparison to the PL of
nanotubes in D2O/surfactant [100] and to PL of air-suspended SWNTs (Sec. 5.1, [9])
suggests that this tube’s chiral indices are (10, 9) (see also Fig. 5.3(b) on page 78 where
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λ11 and λ22 of this tube were included). This assignment is further confirmed by AFM
height measurements of this SWNT. Figure 5.19(b) shows an AFM image and the corre-
sponding section used for the calculation of an average profile [Fig. 5.19(c)]. The height
is determined to 1.306 nm which is in very good agreement with the theoretical value of
1.29 nm for a (10, 9) tube.

5.4.4 Ultralong and Aligned Nanotubes from Li et al.

The CVD synthesis of the nanotubes that were obtained from Li et al. in Beijing (col-
laborative project) has already been discussed in Sec. 4.2. The exemplary SEM image
in Fig. 4.11 shows the markers, the trenches and the alignment of the SWNTs growing
over them. By comparing PLE spectra of suspended and unsuspended parts of the same
SWNT, we were able to quantify for the first time changes in (i) quantum yield, (ii)
E11/E22 energies and (iii) line widths of E11 emission and E22 excitation. Afterwards,
homogeneous parts of SWNTs on the surface were selected and manipulated by atomic
force microscopy (AFM), thereby introducing torsional and uniaxial strain as well as
defects, similar to Duan et al. [195]. In contrast to Duan et al. who studied the effect
of AFM manipulation via RRS, we use PLE spectroscopy which is believed to be much
more sensitive to structural changes of the tube.
The horizontally aligned SWNT arrays were grown on a photolithographically prepat-

terned silicon substrate with a 500 nm thick oxide layer [136]. The layout is sketched
in Fig. 5.20 and consists of a parallel array of 3.5 µm wide, 500 nm deep and several
millimeters long trenches, oriented perpendicular to the growth direction. The trenches
have a spacing of 300 µm and are marked with etched numbers and letters (height xwidth
≈ 40 x 20 µm, line thickness of 5 µm and the same depth as the trenches) to facilitate
tube retrieval. These markers partially served to suspend SWNTs, as well.
The detection window for PL emission was set between∼ 1200 nm and 1600 nm, taking

into account the background luminescence of the Si substrate and the upper limit of our
InGaAs detector, respectively. This translates into a diameter range between ∼ 1.1 and
1.4 nm which is at the lower end of the SWNT diameter distribution of this sample
(between 0.9 and 3.3 nm with a mean value of 2 nm, as measured by AFM [136]). It
could explain why only ∼1 out of 10 SWNTs bridging the trenches and being visible in
SEM could be detected by PL. Assuming a 2/3 fraction of semiconducting SWNTs and
no ‘missed’ tubes, only 15% of all semiconducting SWNTs were detected. This fits well
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Figure 5.20: Sample layout of ultralong,
horizontally aligned SWNT arrays from Li et
al. Depth of trenches and markers is about
500 nm. The red section of the left SWNT
shows how we manipulated it by AFM.

to a Gaussian distribution of diameters centered at 2 nm with a fwhm of 1.2 nm.

PLE spectra were typically acquired with excitation powers of 1-2mW and fitted with
a 2D Lorentz function, yielding the position of the maximum, fwhmE11 in emission,
fwhmE22 in excitation and the ‘volume’ which was corrected (divided) by the excitation
power and the acquisition time and taken as a measure for the intensity. Typical acquisi-
tion times ranged between 10 and 15 s for a PL spectrum of a surface-bound SWNT and
between 2 and 5 s for air-suspended ones. All PLE maps and PL images were recorded
with the 100x/0.95 Olympus objective.

Results of unmanipulated SWNTs Figure 5.21 shows Eii, fwhmEii (i = 1, 2)
and intensities acquired for 3 different individual SWNTs as a function of position.
Based on results discussed in Ref. [9] measured E11-E22 values fit best to chiral indices
(15, 2) or (16, 0) for SWNT 1, (13, 2) or (14, 0) for SWNT 2 and (12, 4) for SWNT 3 [the
spectral positions of both air-suspended and surface-bound sections were also included
in Fig. 5.3(b)]. Suspended sections are marked with a gray shading. For all other
positions the SWNT rests directly on SiO2. Assignment, shifts of Eii, average values of
fwhmEii (i = 1, 2) and intensity drops for 4 different SWNTs are summarized in Tab.5.2.
Values for ∆Eii are positive when going from surface-bound to air-suspended sections of
a nanotube. The E22 maximum of SWNT 4 is beyond our excitation range (> 988 nm)
so only ∆E11 and fwhmE11 values are given in Tab. 5.2. A clear assignment of chirality
was not possible.

For SWNT 1, Pos. 0 corresponds to the edge of the trench [see also Fig. 5.22(a)]. This
explains why the values of E11, E22 and the intensity are in between those of suspended
and unsuspended tubes. Pos. 250-265 corresponds to parts of SWNT 1, freely suspended
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Figure 5.21: Eii, fwhmEii (i = 1, 2) and intensities acquired for 3 different individual SWNTs
as a function of position. Grey shadings mark trenches or etched markers where tubes are sus-
pended. Air-suspended sections show both an increase in Eii and emission intensity. Changes
in the fwhm are inconclusive (see text for details).

Table 5.2: Summary of measured values for 4 different SWNTs. The E22 maximum of SWNT
4 is beyond our range (> 988 nm). A clear assignment is therefore not possible.

SWNT (n1, n2) (n−m) ∆E11 ∆E22 〈fwhmE11〉 〈fwhmE22〉 Is/If

No. mod3 (meV) (meV) (meV) (meV) %

1 (15, 2)/(16, 0) +1 11 8 14.1± 0.5 56± 5 5-8
2 (13, 2)/(14, 0) -1 27 24 19.2± 1 47± 5 6
3 (12, 4) -1 7 5 18.6± 0.5 49± 3 12
4 (16, 2)? -1? 23 - 16.5± 2 - 7

over etched markers. The maximum blue-shift due to suspension is 11 and 8meV for
E11 and E22, respectively. This corresponds to 1.4 and 0.4 %, referred to values of
unsuspended tubes. fwhmE11 seems to increase by ∼2-3meV at the suspended parts
of SWNT 1. However, we attribute this to an artifact, because the emission of the
unsuspended tube is in a spectral range (close to 0.775 eV) where the quantum efficiency
of our detector drops dramatically. The peak is therefore cut-off at its low energy side
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Figure 5.22: PL images of SWNT 1-4. Vertical, dark (except for image of SWNT 4) stripes
correspond to the trench. (a) SWNT 1 continues on the surface but acquisition time was too
short. Pos. 0 marks the beginning of the diagram in Fig. 5.21(a). (b) SWNT 2 touches the
bottom in the middle of the trench and is therefore too dim to be seen, the same holds for
the surface. Again, the blue cross marks the beginning of the diagram in Fig. 5.21(b). (c) PL
image of the 55 - µm-long section of SWNT 3. The x-axis corresponds to the one in Fig. 5.21(c).
The tube continues in both directions beyond the image without showing PL. (d) PL image of
SWNT 4. An increased background offset in the trench reverses the color as compared to the
other images.

and the fitting produces a smaller line width. This is not the case for a suspended
tube with blue shifted emission. However, this should not affect fwhmE22. The average
value of fwhmE22 is 56±5meV and 14.1±0.5meV for fwhmE11. Line widths do not
show a significant change due to suspension within the mentioned error bars, apart from
aforementioned deficiencies. However, if a similar percentual change were to pertain to
the fwhm as observed for E11 and E22, error bars would presently still be too large to
make a final statement.

For SWNT 2, the tube touches the bottom of the trench close to Pos. 0 as shown in
the PL image of Fig. 5.22(a), so only ∼1 µm is suspended. As with SWNT 1, E11, E22

and intensity are not as high as around Pos. 250 with a suspended section of ∼5 µm.

SWNT 3 is a tube which probably changes chirality along its length. Therefore, only
a 55 - µm-long section could be measured. Before and after this section, the SWNT
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continues as seen with SEM. High excitation powers and long acquisition times did
not yield any PL signal there. We therefore consider a very effective quenching in this
region unlikely. The complete section is shown in Fig. 5.22(c). Pos. 0 corresponds to
the suspended part of the tube in the middle of the trench.

All SWNTs measured show a blueshift between 7-27meV and 5-24meV for E11 and
E22 when going from surface-bound to air-suspended sections, respectively. Referenced
to water-surfactant dispersions, the blueshifts of surface-bound SWNTs are between
19-32meV and 15-47meV for E11 and E22, respectively. ∆E11 energies agree well with
those given in Sec. 5.2 for SWNTs on sapphire surfaces (15-30meV and 10-25meV for E11

and E22, respectively) whereas ∆E22 is up to a factor of two larger [this is due to SWNT
3, see Fig. 5.3(b) where the results of the tubes measured in this section have also been
included]. Experimental Eii energies of suspended SWNTs are blueshifted compared to
SWNTs surrounded by a medium because the former experience a lower dielectric screen-
ing (see Sec. 5.1). The Eii energies of the surface-bound SWNTs (medium screening) are
between those of the tubes in dispersion (highest screening) and those of air-suspended
SWNTs [no screening, see Fig. 5.3(b) and Sec. 5.2]. SiO2 has εr ≈ 3.3 at frequencies
corresponding to a PL lifetime of ∼20-200 ps [196]. To a first approximation, εeffr of a
SiO2 surface in vacuum becomes εeffr = 1

2
(1 + 3.3) = 2.15. This is an upper limit as

the exciton exists in a nanotube which is located somewhat above the surface. This
value is between that of surfactant-coated SWNTs in aqueous dispersions (εr = 2 − 3,
see Sec. 5.1) and air-suspended SWNTs (εr ≈ 1) which agrees with the observed energy
shifts.

We see no effect of εr on fwhmEii (i = 1, 2) within the error bars given in Tab. 5.2.
Therefore, we only list average values. The scatter of the line width data is mostly due
to additional Raman overtones close to or overlapping with the fundamental electronic
transition (zero-phonon line), although we tried to compensate for it by subtraction.
However, the line width is much more sensitive to such corrections than e. g. the center
position. Inoue et al. have found that there is a diameter dependence of fwhmE11 for air-
suspended SWNTs [197]. They see a decrease of line width for increasing tube diameter.
Their absolute values are by a factor of almost 2 smaller than ours, but we believe this
is because they show only the lowest measured fwhm for each chirality. Nevertheless,
we believe to see the same trend as Inoue et al. SWNT 2, 3 and 1 have diameters of
1.10-1.11, 1.13 and 1.25-1.26 nm and fwhm of 19.2, 18.6 and 14.1meV. Only SWNT 4,
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having the largest diameter (1.4 nm), does not follow this trend. This could be due to
an incorrect assignment or to the large scatter of the linewidth data. Hertel et al. have
found a similar relationship between fwhmE22 and E22 transition energy for SWNTs in
SDS suspensions [198]. Their data suggests an increase of the line width with increasing
E22 energy (decreasing λ22). This is consistent with our data, including the (10, 9) tube
from Fig. 5.19. Average values of λ22 (fwhmE22) are 844 (45meV), 840 (47meV), 828
(49meV) and 811 nm (56meV) for (10, 9), SWNT 2, 3 and 1, respectively.

The intensity of the PL drops to 5-12 % for surface-bound SWNTs, referenced to
suspended SWNTs. This explains why in former experiments of other groups the PL
of SWNTs on surfaces was overseen. The number is also in good agreement with the
ratio given on page 96. The involved quenching mechanisms which could explain why
the quantum yield of surface-bound SWNTs decreases by a factor of 10-20 are still
unknown. Clearly, all atoms of a carbon nanotube are surface atoms. It seems plausible
to assume that the amount of channels for radiationless decay of excitons formed in
SWNTs increases if a surface is brought into its vicinity.

Results for AFM manipulated SWNTs For AFM manipulation, we selected
SWNT 1 and 2, because they belong to different (n−m) mod 3-families and were well
characterized over a length of 300 µm. Most importantly, they did not change their chiral
indices within that distance. SWNTs in this sample typically grew over several mm and
we confirmed that even after 600 µm, the chiral indices of SWNT 1 and 2 were still the
same. We proceeded by choosing the middle position of the tubes between 2 trenches and
performed AFM manipulation in contact mode via line-scanning along a path roughly
perpendicular to the tube axis (at increased down force). Fig. 5.23 shows that SWNT 1
was thereby dragged away from its original position by almost 1 µm, whereas SWNT 2
was only moved by 200 nm. One can also see that both tubes were severely ruptured or
squashed at the point of manipulation.

Figure 5.24 shows Eii, intensity and fwhmEii (i = 1, 2) as a function of position after
manipulation for SWNT 1 [(15, 2) or (16.0), (n −m) mod 3 = +1]. Pos. 0 corresponds
to the point of manipulation, values before manipulation are included, as well (in gray).
The observation of additional PL shoulders indicated by two red dots in Fig. 5.24(a)
is discussed below. Prior to manipulation of SWNT 1, a 13- µm-sized dirt particle was
unintentionally dragged across the tube by the AFM cantilever, thereby introducing
additional uniaxial strain. The dirt particle is between Pos. -32 and -45.
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Figure 5.23: AFM error signal at the point
of manipulation of SWNT 1 (left) and SWNT
2 (right). The manipulation was performed
in contact mode via a line scan across the
tube at increased down force.

In Fig. 5.25, the same variables are plotted vs. position for SWNT 2 [(13, 2) or (14, 0),
(n − m) mod 3 = −1] after (in red) and before (in gray) manipulation. Duan and
coworkers have shown with Resonant Raman Spectroscopy [195, 199] that careful AFM
manipulation introduces (i) uniaxial strain and (ii) also torsional strain as the tube
rolls under the AFM tip due to friction between substrate and SWNT. We will first
discuss torsion. Twisting a chiral nanotube with both ends fixed far away via rotation
of its center is comparable to doing the same with a macroscopic steel spring (or a
telephone cord): On one side the coil widens, on the other it narrows. This corresponds
to torsional strain in different directions (with different signs) on the two sides. Theory
therefore predicts a bandgap widening on one side, and a bandgap narrowing on the
other [200, 201], of course superimposed by uniaxial strain if the rotation is performed
by rolling on the surface. The effect of uniaxial and torsional strain is very similar
regarding only the sign of ∆Eii: (a) A change of sign in strain leads to a change of sign
in ∆Eii (b) the sign of ∆Eii alternates with i (c) the sign of ∆Eii changes depending on
which (n−m) mod 3-family the nanotube belongs to. If we assume a certain handedness
of the SWNT, we would expect an increase (decrease) of E11 (E22) left from the point
of manipulation and a decrease (increase) on the right. In addition, it should be exactly
the opposite for a SWNT belonging to a different family, provided that handedness is
equal.

Both SWNT 1 and SWNT 2 show a strong increase of Eii (i = 1, 2) at Pos. 0 which
cannot be attributed to torsional strain due to the aforementioned reasons (b) and (c).
However, on the right-hand side of SWNT 1, where the superposition of uniaxial strain
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Figure 5.24: (a) E11, (b)
E22, (c) intensity and (d)
fwhmEii (i = 1, 2) as a func-
tion of position before (gray)
and after (red) manipulation
of SWNT 1. Pos. 0 corre-
sponds to the point of manip-
ulation. The two red dots in
(a) denote small PL emission
shoulders about 8 µm away
from the point of manipula-
tion, with a spectral shift sim-
ilar to that at Pos. 0. Insets
in (a) and (b) show enlarge-
ments around Pos. 0. Inset in
(c) is a time trace measured at
Pos. -0.5, indicating blinking.
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Figure 5.25: (a) Eii, (b) in-
tensity and (c) fwhmEii (i =

1, 2) as a function of position
before (gray) and after (red)
manipulation of SWNT 2.
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appears to be negligible, close inspection shows that for Pos. 0.5-3 ∆E11 is negative and
∆E22 positive. We consider this an indication of week torsional strain. Note that this
is not a result of uniaxial strain as this leads to an increase of E11 and a decrease of
E22 as seen nicely on the left side, where the dirt particle caused a big shift of up to 27
and -28meV for E11 and E22 due to uniaxial strain, respectively. Neither is it a ‘tail’ of
the peak at Pos. 0 as this peak is strongly localized and shows an increase of E11. Note
also that the emission wavelength of this SWNT was close to the detection limit of the
detector. Therefore, the decrease of E11 between Pos. 0.5-3 is possibly stronger than the
data suggest. Between Pos. 3 and 10, the situation reverses and for Pos. 10-17, E11 is
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Figure 5.26: PL images of SWNT 1 and 2 after AFM manipulation. (a) PL image of SWNT
1 around the point of manipulation. Spectral integration was performed over a broad range to
account for the large shift around Pos. 0. A localized burst of intensity can be seen around
the point of manipulation. (b) PL image of SWNT 1 around Pos. -107 where the uniaxially
strained part (on the right, bright) suddenly returns to the unstrained part (on the left, dim).
The change in intensity is due to a Raman band superimposing the PL signal in the uniaxially
strained (and therefore shifted) section. (c) Similar situation as in (b) for SWNT 2 around
Pos. -72: Uniaxial strain (on the right, bright) is suddenly relieved (on the left, black). Here,
the color code represents the shift of the center of mass of the PL emission signal.

essentially back to its original value whereas ∆E22 is again positive before leveling off,
too. SWNT 2 shows a similar but not so clear indication of torsion on its right side,
between Pos. 0.5 and 2.5.
We now consider the strong increase of E11 (62 and 5meV) and E22 (85 and 9meV)

around Pos. 0, accompanied by an increase of intensity by a factor of ∼7 and 1.4 for
SWNT 1 and 2, respectively. The increased intensity at the point of manipulation is also
nicely seen in the PL image of Fig. 5.26(a). An explanation that would fit qualitatively is
that a short segment of the nanotubes around the point of manipulation is not touching
the surface and is therefore behaving like a suspended SWNT. Quantitatively however,
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shifts do not match values listed in Tab. 5.2. It is also hard to imagine why the SWNTs
should stick out of the surface after manipulation and SEM images (not shown) also do
not indicate air-suspended sections. We therefore consider this scenario unlikely. We
believe that the AFM tip inflicted irreversible damage on both SWNTs, including bond
breaking. The extent of manipulation is bigger for SWNT 1, therefore the consequences
are more pronounced: shifts in Eii and intensity are larger, more abrupt and we see PL
intermittency (blinking) at Pos. -0.5. A time trace of the PL is shown in the inset of
Fig. 5.24(c). The blinking is very localized and found to become more pronounced by
increasing laser excitation power (not shown). Note that up to now, we (and others,
see Sec. 5.2 and Ref. [176]) have only witnessed blinking of micelle-wrapped SWNTs
deposited on a surface below 25K. Suspended and SWNTs with direct surface contact
did not show PL intermittency even at low temperatures [10]. Matsuda et al. have
seen blinking of micelle-wrapped SWNTs also at room temperature [179]. The results
presented here now suggest that PL intermittency is not only of ‘extrinsic’ origin and
related to a particular SWNT environment (e. g. surfactant coating as shown in Sec. 5.2),
but can be linked to ‘intrinsic’ causes like defects, as well. Defects could be introduced
by tip-sonication which is always needed for debundling. The reason for the increase of
Eii and intensity for both SWNTs is not understood at this stage. We see these results as
a hint to investigate the connection between defects (kind of defects and concentration)
on one side, and PL shifts and PL quantum yield on the other. Clearly, more research
in this direction is needed.

In general, there was only one emission peak in the PL spectra of SWNT 1 and 2 as
one would expect when individual SWNTs are probed. However, about 8 µm away from
Pos. 0 of SWNT 1, we noticed a weak shoulder to the main peak on both sides of the
nanotube. The positions of these shoulders are indicated by two red dots in Fig. 5.24(a).
They are at almost identical distances to the point of manipulation. Their spectral
position is close to that at Pos. 0. Thus, we believe that the existence of these shoulders
is linked to the problem discussed in the previous paragraph. However, their origin is
unclear at the moment.

We now turn to the discussion of uniaxial strain introduced by AFM manipulation.
As already mentioned, SWNT 1 shows two sources of uniaxial strain, one due to a
dirt particle being pushed over the tube and one due to the intentional manipulation
with the AFM tip. The introduction of strain with the particle was prior to the AFM
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manipulation. The possible cutting of the SWNT at Pos. 0 may have led to a partial
relief of uniaxial strain for a position between -32 and 20. The uniaxial shifts due to the
particle are 27 and -28meV for E11 and E22, respectively. For SWNT 2, ∆E11 = -13meV
and ∆E22 = +6meV. In both cases, the family assignment is consistent with the signs
of the measured shifts. Comparison of the two SWNTs shows that a large particle (or a
blunt AFM tip) is more effective in uniaxially straining a carbon nanotube. Sharp tips
tend to exert too much force on a small area and the tube ruptures if surface adhesion is
strong, as in our case. Changes of E11 under small uniaxial strains (ε, not to be confused
with the dielectric constant) are given by

∆E11 = sgn(2p+ 1)3|γ0|(1 + ν)ε cos 3θ (5.3)

where γ0 ≈ 2.7 eV is the nearest-neighbor exchange integral, ν ≈ 0.2 Poisson’s ratio, θ
the chiral angle of the SWNT and p = −1, 0, 1 is the (n−m) mod 3 family [201]. Using
this equation the uniaxial strain is about 0.3% and 0.14% for SWNT 1 and SWNT 2,
respectively.
In agreement with Duan et al., uniaxial strain has a much longer range than torsional

strain. They report a length scale of up to 350 µm for uniaxial and ∼ 12 µm for torsional
strain [195]. We estimate for both SWNTs the range to be up to ∼ 70 µm and ∼ 5 µm
for uniaxial and torsional strain, respectively. The length scale of uniaxial strain is
easier to specify than of torsional strain, because the former shows an abrupt return
to the unstrained value at Pos. -107 for SWNT 1 and at Pos. -72 and 58 for SWNT 2,
in contrast to Duan et al., who report a continuous relaxation of uniaxial strain. PL
images of the area around Pos. -107 of SWNT 1 and Pos. -72 of SWNT 2 in Fig. 5.26(b)
and (c) show a sudden return to the unstrained tube. The color code in Fig. 5.26(b)
represents the integrated area over both original and strained PL emission peak. The
higher intensity and therefore brighter color, which can also be seen in Fig. 5.24(c), is
due to a Raman signal superimposing the E11/E22 electronic peak only in the uniaxially
strained (and therefore shifted) area. In general, PL intensity is not affected by uniaxial
strain, as seen for SWNT 2 in Fig. 5.25(b).
Regarding a dependency of the line widths on strain, we measure a small average

increase of fwhmE11 of 1-2meV for both SWNT 1 and 2. However, the scatter of the
data is too large for a definite assessment. Again, the broadening of the E11 emission
signal between Pos. -26 and -106 for SWNT 1 is caused by a Raman band. For fwhmE22

there seems to be no clear trend.
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5.5 Individual SWNTs in Dispersion: A Method to

Count Different Chiralities

Apart from the PL of individual, surface-bound (Sec. 5.4 and 5.2), air-suspended (Sec. 5.1,
5.2 and 5.3) and SWNTs deposited from dispersion (Sec. 5.2 and Ref. [111]), we were
also able to observe individual emitters in diluted aqueous dispersions of nanotubes with
our PL microscope [13]. This approach could be of interest from both an application-
oriented and a fundamental point of view: The NIR emission of SWNTs is in a spectral
range where biological tissue is almost transparent (the long wavelength reduces scat-
tering). In addition, SWNTs show a much better photostability than currently used
fluorescent markers. Disadvantages are the low quantum yield and a possible toxicity of
nanotubes (or of surfactant or of residual catalyst particles, respectively). Weisman et
al. have inserted and traced SWNTs in cells, fruit flies and rabbits via PL spectroscopy
and imaging techniques on the individual tube level [202–204]. They observe no acute
toxicity or adverse effects from low-level nanotube exposure.

From a fundamental standpoint, measuring individual SWNTs in a serial fashion opens
the possibility to gain chirality-selective information about semiconducting nanotubes in
an ensemble of SWNTs. This could include relative concentrations deduced by counting
PL events in one chirality specific spectral range as opposed to another. When compared
to ensemble PL spectra, the relative concentrations could lead to relative quantum yields
of certain (n1, n2) species in dispersion.

Two possible set-ups [denoted (1) and (2)] for a measurement of individual SWNTs in
dispersion are shown in Fig. 5.27. In set-up (1), a small drop of a diluted dispersion (typ-
ically between 1:5 and 1:50, determined empirically and diluted with D2O/surfactant,
with the same surfactant concentration as in the original dispersion, typically 1 wt%)
is compressed between a sapphire wafer and a cover slip, resulting in a calculated film
thickness of ∼ 5 µm. Set-up (2) uses a fused silica capillary (Polymicro TECHNOLO-
GIES) through which the dispersion can be pumped by a syringe (Hamilton) and a
syringe pump (TSE systems, ‘540101’). The silica capillaries used have inner diameters
between 2 and 15 µm and outer diameters of 360 µm, including an about 20- µm-thick
protective polyimide coating. Along a section of a few millimeters in the middle of the
tube, the coating is removed to create a ‘window’ for the measurement. The capillary is
clamped on both sides of the Leica oil immersion objective which is used in set-up (1)
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Figure 5.27: Set-ups for PL spectroscopy of individual SWNTs in dispersion. (a) Set-up (1)
(b) Set-up (2). ID denotes the inner diameter (see text for details).

and (2) to focus the excitation light into the dispersion. A disadvantage of set-up (1) is
the evaporation of D2O which limits the measurement time. This is not a problem for
set-up (2). In both set-ups, we believe to have frequently observed partially immobilized
SWNTs due to their adsorption either on the silica tube in set-up (2) or on the sapphire
wafer/cover slip in set-up (1). The PL signal of an individual SWNT in this case varied
in intensity (and sometimes vanished and reemerged) but the same tube (presumably)
remained in the detection area for several seconds. Observations by Weisman et al. us-
ing a 2D InGaAs imaging detector confirm this view [205]. They also state that only
nanotubes that are stationary during the acquisition time can be clearly imaged. This
might be the reason why in our experiments, the strongest signals were acquired with
the focus close to one of the interface layers dispersion/silica or dispersion/sapphire.
The diffusion in the medium could be too fast at room temperature for typical used
acquisition times (between 0.1 and 1 s). Weisman et al. measured a diffusion constant
of D = 4 µm2/s [205] but they do not state if the tube is adsorbed on a surface or not.
To avoid repeated measurements of the same tube, the position of the sample could

be changed by the piezo stage. However, this would require either a precise adjustment
of the sample or corrections in the z-direction of the focus. Figure 5.28 shows a charac-
teristic multi-spectra file of a HiPco/SDBS dispersion acquired with set-up (2), where
the sample position along the silica tube was changed repeatedly. The complete file
consists of 6000 successively recorded spectra at an excitation wavelength of 730 nm and
an acquisition time of 1 s per spectrum. For the sake of clarity, only the first 600 are
depicted.
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Figure 5.28: Multi-spectra file showing the first 600 spectra out of 6000, recorded of a
HiPco/SDBS dispersion at an excitation wavelength of 730 nm. Each spectrum was acquired
for 1 s. To ensure proper averaging, the sample position was manually altered repeatedly during
the measurement.

The spectra were then analyzed in two ways with the ‘Origin’ software (OriginLab
Corporation). First, we checked if the number of spectra was representative for the
ensemble. We therefore applied the ergodic hypothesis which states that the average
of a process parameter over time and the average over the statistical ensemble become
equivalent if time goes to infinity. However, adding up 6000 spectra resulted in a very
noisy spectrum which was mainly due to the read-out noise from the detector. In contrast
to statistical noise, read-out noise is often equivalent from one spectrum to the other
and thus does not cancel when summed up. We reduced the noise by introducing a
threshold of 50 counts. In every spectrum, all signals below the threshold were set to
zero and all signals above were reduced by 50 counts. After the summation, the red
spectrum of Fig. 5.29(a) was obtained. To further reduce the noise, the red spectrum
was smoothed (green curve). When compared to the ensemble spectrum (black curve,
normalized to the (9, 4) SWNT), the overall agreement is already fairly good. The (7, 5)

tube is somewhat too pronounced whereas the intensity of the (8, 7) SWNT is slightly
reduced compared to the ensemble spectrum. Performing the same procedure with only
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Figure 5.29: Results from the analysis of 6000 successive PL spectra partially shown in
Fig. 5.28. (a) Test of the ergodic hypothesis by summing all 6000 spectra (red curve) and
comparing them to a scaled ensemble spectrum (black curve) after smoothing (green curve).
(b) Histogram of counted PL events, again referenced to a PL ensemble spectrum (see text for
details).

600 spectra showed a much larger mismatch of relative intensities. Thus, we believe that
the 6000 spectra represented a good statistical basis for the ‘counting analysis’.
The counting analysis produced a histogram as shown in Fig. 5.29(b) by counting the

peaks whose maxima fell into a given interval. The software code defines a peak as a
user-defined change of intensity within a user-defined spectral width. In Fig. 5.29(b), a
peak was counted as a peak, when the intensity dropped by 50 counts ±15 nm from its
maximum position. Within a spectral region fulfilling this condition, the routine takes
the position with the larges intensity. The amount of counted nanotubes that resulted
from the choice of these two parameters (‘intensity drop’ and ‘spectral width’) could be
quite different, but we believe and checked that our choice was quite reasonable4. The
size of the interval for the histogram was chosen to be ∼ 5 nm in Fig. 5.29(b) and the
ensemble spectrum at the same excitation wavelength, normalized to the (9, 4) tube, is
shown as well. The number of counts are now a measure for the relative abundances,
whereas the spectral intensity of the ensemble spectrum shows the spectral weight of
different chiralities. The SWNTs with chiral indices (10, 2), (9, 4), (8, 6) and (8, 7) show
λ22 values of 736, 726, 720 and 732 nm, respectively, and are thus closest to the excitation

4A conversion of all spectra to an equidistant energy scale instead of a wavelength scale or a more
sophisticated peak-searching tool might further improve results.
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5.5 Individual SWNTs in Dispersion: A Method to Count Different Chiralities

wavelength of 730 nm. The counts of the (7, 5), (10, 2) and (8, 7) tube agree quite well
with the intensities of the ensemble. Interestingly, the (6, 5) tube shows a much larger
abundance compared to its spectral weight. The opposite holds for the (8, 6) SWNT.
In total, about 8000 PL events were counted which corresponds to about 1.3 detected
nanotubes per second. To yield the relative concentration of a chiral species, one could
add the number of counts that fall into the emission region of that tube. However, care
has to be taken when doing so, because different chiralities with different E22 excitation
energies but almost equal emission energies tend to overlap. For instance, the (7, 5) tube
that is responsible for the shoulder of the (10, 2) SWNT has its absorption maximum
at 880 nm. Nevertheless, it is a prominent feature even at an excitation wavelength of
730 nm and its counts should not be confused with those of the (10, 2) tube. The reason
why it absorbs so strongly could be due to a phonon-assisted transition (exciton-phonon
complex, see Sec. 2.4.4).
After the determination of the relative abundances, the relative quantum yields are

of interest, as well. If the PL spectra of two ensembles of individualized and (n1, n2)-
monodispersed nanotubes, denoted SWNT A and SWNT B were measured with the same
set-up and the same excitation power at an excitation wavelength λexc, the following
would hold for the ratio of their spectrally integrated intensities Ii with i = A,B:

IA
IB

=

∫
PLA,(λ) · IRF−1

(λ) dλ∫
PLB,(λ) · IRF−1

(λ) dλ
=
σ(λexc, A)

σ(λexc, B)

· ηA
ηB
· cA
cB

(5.4)

where PLi,(λ) denotes the PL spectrum, IRF(λ) the Instrument Response Function,
σ(λexc, i) the absorption cross section, ηi the PL quantum yield and ci the concentration
of tube i. The ratio cA/cB could be calculated from the counting analysis, IA/IB from
an ensemble spectrum (although the superposition of chiralities would not allow for an
unambiguous fitting) and σ(λexc, A)/σ(λexc, B) from absorption spectra (same problem of
overlapping absorption peaks).
Note that the absorption cross section of nanotubes critically depends on the excita-

tion wavelength. For instance, σ(730 nm) of the (6, 5) tube which was excited off-resonance
(λ22 = 566 nm) in the ensemble spectrum of Fig. 5.29 can be expected to be much lower
than that of the tubes that are close to resonance [(10, 2), (9, 4), (8, 6) and (8, 7)]. There-
fore, only SWNTs with their absorption maximum close to the excitation wavelength
should be compared. The (8, 3) SWNT was too close to the left edge of the spectrum to
be detected by the peak-finding tool and the (11, 4) tube was already hardly present in
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the ensemble.
The measurements presented in this section are to be regarded as still preliminary,

as the amount of experimental data is still limited and their statistical treatment is
difficult and computationally challenging. The confidence in this method could be in-
creased further if it was first tested on a system like dispersed quantum dots of known
concentration and quantum yield. However, this section shows that the basic principle
of counting SWNTs by the successive acquisition of PL spectra works and that first
results are promising. One could envision an automatic measurement of histograms for
preselected excitation wavelengths to account for different chiralities or the use of disper-
sions enriched with a single chirality. Dispersions of only a few, spectrally well separated
(n1, n2) species in toluene are now available and could prove to be very valuable in this
context, as well. We are also working on the implementation of a 2D InGaAs imaging
detector into our microscope which could show whether the tubes in our measurements
are adsorbed to a surface or not.
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6 Conclusion and Outlook

In summary, the thermal CVD synthesis of nanotubes and their spectroscopic (with the
focus on PL microscopy) and AFM characterization and manipulation on an individual
tube level were presented in this thesis. For the nanotube synthesis, a thermal CVD
reactor employing an array of different carbon feedstock substances was designed and
built. For PL(E) measurements on individual nanotubes or ensembles thereof, an au-
tomated PL laser microscope was built with the capability to perform PL imaging and
PLE spectroscopy in the excitation wavelength range of ∼ 600-1000 nm and emission
range of ∼ 800-1600 nm.

The growth of bulk amounts of VANTAs was described in Sec. 4.1, where sputtered
Al2O3/Fe bilayers with a characteristic thickness of 10/1 nm were exposed to gas mix-
tures of ethylene, argon, hydrogen and water vapor at temperatures around 750 ◦C. By
optimizing parameters like gas/vapor composition, flow rate, heat-up rate and temper-
ature, maximum forest heights of 1.3mm in 90 minutes were achieved. The VANTAs
consisted mostly of MWNTs with diameters between 3-4 nm. However, about 8 % were
SWNTs with diameters below 2 nm. Those SWNTs were partially suspended on top of
the forests and were particularly suited for PL and Raman measurements.

Besides VANTAs, other growth morphologies like individual nanotubes air-suspended
over cracks of the catalyst material or resting on a wafer surface (SiO2 or sapphire) and
aligned with the gas flow were realized, as well (Sec. 4.2). These methods use ethanol,
carbon monoxide or methane as carbon feedstock gases and a catalyst prepared from a
dispersion of iron nitrate, molybdenyl(VI)acetylacetonate and alumina in methanol or
isopropanol. Samples from the above preparations were used for spectroscopic studies
summarized below.

In Sec. 5.1, µ-PLE spectroscopy of individual SWNTs, air-suspended on top of VAN-
TAs was described. Observed optical transition energies E11 and E22 were compared
to those of nanotubes in aqueous dispersions. A blueshift of 40-56meV for E11 and
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24-48meV for E22 was found and assigned to 19 different chiralities. A significant corre-
lation between tube diameter or chirality and energy shift was not observed. The upshift
in energy was explained by different dielectric screening of excitons in a water-surfactant
environment as opposed to air or vacuum. Measurements of SWNTs (on top of VANTAs)
immersed in paraffin oil and 1-methylnaphthalene showed similar transition energies as
surfactant-coated nanotubes in aqueous dispersions which implies a similar dielectric
screening for both nanotube surroundings. Mean shifts (referenced to SWNTs in D2O/1
wt% SDBS) were -1meV and -14meV for E11 and E22 for 1-methylnaphthalene and
-13meV and -27meV for paraffin oil, respectively.

Low temperature µ-PLE spectroscopy on (i) individual SWNTs air-suspended on top
of VANTAs and between catalyst cracks from carbon monoxide CVD; (ii) HiPco na-
notubes, deposited from dispersion and (iii) surface-bound SWNTs on sapphire from
carbon monoxide CVD was described in Sec. 5.2. PL intermittency and spectral diffu-
sion was observed for surfactant-coated nanotubes at temperatures below 25K, whereas
surfactant-free SWNTs showed stable PL emission. This implies that blinking and spec-
tral diffusion can be caused by a surfactant coating. Small ensembles of contacting
SWNTs exhibit much more complex PLE spectra (including enhanced sidebands and
shifts) than those from isolated emitters. PLE maxima of deposited surfactant-coated
SWNTs at ambient temperature are close to the ensemble values of SWNTs in the initial
dispersion whereas as-grown nanotubes directly contacting the surface show blueshifts
of 15-30meV and 10-25meV for E11 and E22 compared to nanotubes in aqueous dis-
persion, respectively. These correlations were also applicable at cryogenic temperatures
when taking into account small additional blueshifts of a few meV due to the temperature
decrease. We were thus able to assign (n1, n2) values to most SWNTs of samples (i)-(iii)
at all temperatures. On average, PL intensities (at all temperatures) and therefore PL
quantum yields were found to scale as (i) : (ii) : (iii) = 100 : 50 : 5.

The first direct observation of weakly optically allowed excitonic states below E11

was described in Sec. 5.3. µ-PLE spectra of individual, air-suspended SWNTs revealed
emission satellites, redshifted by 38-45 and 100-130meV and ∼ 30-300 times less intense
compared to the main E11 emission signals. Only one emission satellite 90-143meV
below E11 for different (n1, n2) species could be resolved in dispersed, aqueous SWNT
ensembles, with ∼ 10 times less intensity, but recent measurements on SWNTs dispersed
in toluene have confirmed the first emission satellites, as well.
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In Sec. 5.4, individual, as-grown SWNTs from carbon monoxide, ethanol and methane
CVD were characterized by µ-PLE spectroscopy, µ-Raman spectroscopy and AFM along
their z-axis, i. e. along their length. Most CVD-grown nanotubes of all studied samples
had diameters too large for PLE spectroscopy and there was also a considerable fraction
of long CO-CVD tubes that presumably grew as bundles. The possibility of finding
peculiar configurations of nanotubes like loops with SEM, AFM and µ-Raman spec-
troscopy, as well as the dependency of the emission intensity on the relative polarization
of the excitation light and the nanotube z-axis was demonstrated. Very long sections of
SWNTs from ethanol and methane CVD were found to show a remarkable integrity of
(n1, n2) chirality over lengths between 50-600 µm. We observed only one SWNT which
presumably changed its chiral indices during growth. Nanotubes grown over lithograph-
ically produced trenches and markers showed blueshifts between 7-27meV and 5-24meV
for E11 and E22 when going from surface-bound to air-suspended sections, respectively,
and PL intensity (PL quantum yield) increased by a factor of 10-20, in agreement with
measurements in Sec. 5.2. The former effect is again due to changes in the dielectric
surroundings of the SWNTs whereas the latter is rationalized in terms of an effective
quenching of excitons for nanotubes in contact with a dielectric surface. Line width
data scattered too much to derive a dependence of fwhmEii (ii = 1, 2) on the dielectric
constant εr, but we see indications of a decrease of fwhmE11 for increasing tube diameter
and an increase of fwhmE22 with increasing E22.

AFMmanipulation of two unsuspended sections of SWNTs showed characteristic shifts
of uniaxial and torsional strain but also localized severe defects like tube fracture. Such
defects led to PL intermittency at room temperature of one SWNT, to large shifts in
Eii and, surprisingly, to an increase of PL intensity. None of these effects had been
reported so far. Residual uniaxial and torsional strain could be detected up to 70 µm
and 5 µm away from the fractured site, respectively. The uniaxially strained sections
of the nanotubes returned to the unstrained values on a length scale shorter than the
resolution of our PLE microscope (∼ 400 nm) as opposed to a gradual relaxation.

In the last section, a new method for counting individual chiralities of SWNTs in dis-
persion was presented and preliminary results were discussed. The method could help
to determine the relative concentrations of different chiralities of semiconducting nano-
tubes and eventually, when combined with chirality specific absorption cross sections,
relative quantum yields.
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In the near future, we plan to upgrade our µ-PLE set-up with a 2D InGaAs cam-
era which would allow much faster imaging capabilities compared to the presently used
method of raster-scanning an area pixel by pixel. This would greatly increase the speed
at which further samples of ultralong, aligned SWNTs from Li et al. could be investi-
gated. Nanotubes show unusual and complex changes in the PL properties after severe
AFM manipulation. These effects and a possible influence of the substrate require fur-
ther experimental investigations. One could also envision the use of tools other than
AFM for manipulation [e. g. cutting with an electron beam or by fast ion bombardment
(FIB)]. In the near future of PLE spectroscopy of carbon nanotubes, aqueous SWNT
dispersions will probably be replaced by toluene dispersions where the surfactant is a
fluorine-based organic polymer. Such dispersions are superior to currently used water-
surfactant dispersions in many respects e. g. quantum yield and selectivity. Chirality-
selected dispersions of spectrally well-separated nanotubes in toluene could be used as
model systems in the ‘counting analysis’.
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