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The unique nature of optical properties of single-walled carbon nanotubes
(SWCNT), together with their promising potential applications, have created
enormous interest towards the photophysics of SWCNT. Many aspects of
carbon nanotubes originate from the electronic structure of carbon honeycomb
lattice and one-dimensionality. SWCNTs exist in various chiral structures and
diameters, which the optical and electrical properties are dependent on. It has
been discovered that SWCNT excited states are excitonic with strong Coulomb
interaction between the electron and the hole. However, many features of
excitons are not yet well defined, such as absorption cross-sections, fluorescence
quantum yields, exciton lifetimes, and the nature of exciton mobility. The
cylindrical shape with all atoms on the surface makes SWCNTs highly sensitive
to environment which is a significant factor affecting the optical properties.
First part of this thesis concentrates on the temperature dependence
of excitonic absorption transitions. The importance of this study lies in the
complexity of environmentally induced mechanisms to alter the energy gap and
shift the electronic absorption transitions as a function of temperature. The
results revealed abrupt shift in the energy gap interpreted to originate from
interactions with water. The second part discusses the processes occurring after
absorption: exciton mobility and dynamics. By analyzing reactions between
single-molecule diazonium salt and individual nanotubes, the distance
travelled by exciton during its lifetime, in different surfactants and for different
chiral structures was determined. The results indicate that localized excitons
have diffusional motion along the nanotube axis. The large diffusion ranges
obtained (160 - 340 nm) explain the sensitivity of SWCNT emission to changes
in local environment. The dynamics of excitons were studied with excitation
dependence measurements. Results revealed the existence of long lived states
that act as quenchers of emission even at relatively low excitation intensities.

Keywords: carbon nanotubes, Fourier transform infrared (FTIR) spectroscopy,
fluorescence spectroscopy, fluorescence microscopy, exciton diffusion, exciton
dynamics
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1 INTRODUCTION

Carbon is an intriguing element, a “true genius” as Nobel laureate Richard
Smalley described. It is one of the few elements known since antiquity, yet it
still is able to challenge and amaze scientists today with its remarkable
properties. Carbon can exist in different forms, allotropes, depending on the
physical conditions carbon is put under. Diamond and graphite have been well-
known for thousands of years and after beginning of nanoscience the carbon
family has grown with new members: fullerene, carbon nanotube and graphene.
These carbon nanostructures are under enthusiastic studies because of their
promising applications in all fields of science- biology, chemistry and physics.

This thesis concentrates on carbon nanotubes, a unique structured
material discovered about 20 years ago. This material has created intense
interest among scientists after its remarkable properties were discovered.
Carbon nanotube is one of the hardest materials in the world, with excellent
strength to weight ratio. It has high thermal and electric conductance with
limited scattering. In addition it has unique optical properties arising from one
dimensionality. Due to such outstanding qualities, the expectations towards
potential applications are immense. At the moment carbon nanotube is
commercially used for example in ice-hockey sticks and skis, making them
strong but light in weight. However, these applications are just a modest start.
Some of the most exciting future scenarios include strong lightweight
components for spacecrafts, robots moving with artificial muscles or
nanodevices for selective drug delivery.

Before such designs can be executed, there are various challenges that
need to be overcome by scientists. This thesis presents the efforts made for
understanding the complex nature of optical properties of carbon nanotubes.

The work has been carried out at University of Jyvaskyld and Rice University
during 2006 - 2010.

13
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2 SINGLE-WALLED CARBON NANOTUBES AND
THEIR SPECTROSCOPY

The first study presented in this thesis concentrates on excitonic
absorption. The second part discusses the processes occurring after absorption:
exciton mobility and dynamics. A significant and common theme in both
studies is the environmental effect. This chapter presents some key factors in
nanotube spectroscopic studies providing motivation for the work done in this
thesis.

2.1 General features of SWCNTSs

Single-walled carbon nanotube (SWCNT) has a geometrical shape of a cylinder
wrapped from a sheet of graphene (see Figure 2.1). The graphene sheet can be
rolled as a tube in various ways, resulting in distribution of different structures
and tube diameters. The diameters of the tubes are around 1 nm whereas the
length can be micrometers or even millimeters, making carbon nanotube a one
dimensional (1D) structure defining a variety of its unique properties. Carbon
nanotubes are generally referred as single molecules or quasi-1D crystals with
transitional periodicity along the tube axis.
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Figure 2.1 Theoretical models of SWCNTs with different structures: (7,7) “armchair”, (10,0)
“zigzag” and (10,5) “chiral”.

In bulk SWCNT samples a continuous distribution of diameters and
structures is represented. The structure is defined unambiguously with the roll-
up vector C, defined as C, =na, +ma, =(n,m)where indexes n and m are
multipliers of unit vectors of graphene @, and a, (see Figure 2.2). The direction
of roll-up vector is defined by the angle between chiral vector C, and unit
vector @, and it can vary between 0° and 30°. All tubes except armchair (1,7)
and zig-zag (n,0) are chiral, in other words they are congruent with their mirror
reflection. Many electronic and optical properties of SWCNTs are dependent on
the structure. The semiconducting carbon nanotubes can be assigned into
families according to the value of n-m and into subsets according to the value, 1
or 2, of remainder (mod) of n-m divided by 3.1 From hereinafter the subsets are
referred to as “Mod 1” and “Mod 2”, respectively. Nanotubes belonging to the
subset “mod 3 = 0” are metallic and excluded from this study. The roll-up
vector also defines the tube diameter, by equation

4o |Ch| ~ ayn? +nm+m?

II II

Equation 2.1

where a =1.42+/3 A is the lattice constant of graphene.
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Figure 2.2 Schematic of a 2-dimensional graphene sheet illustrating unit vectors @, and a,,
and the roll-up vector Ch. The achiral cases of (1,0) “zigzag” and (n,n) “armchair” are
indicated with dashed lines.

Bulk SWCNTs can be produced with various methods e.g. laser-ablation,*
electric arc technique® and chemical vapor deposition® (CVD). In the first two
methods the reactants used are solid carbon compounds which then are
evaporated at high temperatures, and powdered samples with nanotubes
tangled into bundles can be produced. In CVD, which is the most common
industrial method, nanotubes are grown from gaseous carbon compounds on
top of metallic particle catalysts. Tubes made with this technique are better
separated, and can even be suspended as individuals across trenches. Various
CVD methods differ by the gaseous reactant used, like methane’and alcohols8.
HiPCO, standing for high-pressure -catalytic decomposition of carbon
monoxide® is the most efficient production method known today, producing a
kilogram per day of SWCNTs with low proportion of amorphous carbon.
Further development of HiPCO method has been provided by the CoMoCat
process.l9 The method involves using of cobalt and molybdenum bimetallic
catalysts to produce SWCNTs with high selectivity of chiral structure. All the
methods described produce samples with a range of nanotube diameters and
structures. The bulk SWCNT samples include impurities such as amorphous
carbon, metallic catalysts, carbon nanoparticles, multi-walled and double-
walled tubes, and their percentage varies according to synthesis procedure.
There are several methods of purification varying according to impurities
present. Many methods include ultrasonication treatment which is known to
cut SWCNTs to shorter species. The range of nanotube diameters in bulk
sample vary according to synthesis method and physical conditions like
temperature and pressure. Also the percentage of metallic/semiconducting
tubes may vary. The significance of synthesis, impurities and purification are to
be considered when doing research with bulk SWCNTs, whereas many of these
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problems can be neglected when working with individual tubes. The
development of synthesis methods and controllability of the process towards
more uniform samples is essential for advancements in nanotube applications.

2.2 Optical properties of SWCNTs

Optical properties of SWCNTs are of significant interest from the point of view
of many potential applications. SWCNTs also serve as models for studying
physical effects in quasi-one-dimensional quantum systems. The predicted
electronic band structure consists of sharp van Hove singularities arising from
quasi-one dimensionality of semiconducting species (see Figure 2.3). Initially
the optical transitions of SWCNTs were considered as band-to-band electronic
transitions between these sub-bands. The dominant optical electronic
transitions for excitation light polarized along the nanotube axis connect bands
with the same index, labeled E;;, (i =1, 2, 3,..) whereas the transverse transitions
are strongly suppressed.! This model described successfully the general trends
observed. By combining theoretical and experimental results the dependence of
the two lowest energy transitions E11 and E2; on diameter!? 13 and on structure!4
was confirmed, indicating that each (n,m) structure has unique E2 absorption
and E11 emission combination.

Conduction
\- C3
= C,
’
>\ 1
=) E. <, E..
o :
c fluorescence absorption
L
V,
m— V2
_ V,
ﬂence

Density of states

Figure 2.3 Density of electronic states for a single nanotube structure consisting of van
Hove singularities. Band-to-band transitions are indicated with arrows. Solid arrows depict
the optical excitation and emission transitions of interest; dashed arrow denotes non-
radiative relaxation from C; to Cs.
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Bachilo et al. used the band-to-band model to assign optical spectra of
SWCNTs to specific (1,m) structures.! They excited ensemble sample of HiPCO
SWCNTs dispersed in water soluble surfactant with electromagnetic radiation
at wavelengths 300-930 nm coincident with Ex resonant absorption of
semiconducting tubes and measured photoluminescence (PL) of Ei; in near-
infrared (NIR) (810 - 1550 nm). The Photoluminescence Excitation (PLE) Map
revealed intriguing pattern of spots each representing a single (n,m) species (see
Figure 2.4). The PLE map was analyzed against resonant Raman radial
breathing modes (RBM). These modes are strongly and selectively enhanced
when the photon energy matches the optical transition of SWCNT and are
known to have monotonic relation to tube diameter. The study resulted in
assignment of absorption and PL spectra to specific (n,m) species and a formula
to predict (n,m) structure from resonant absorption and PL energies.l- 15 Since
that study, PL spectroscopy has become the strongest tool for reliable
characterization of semiconducting nanotube structures.

800
750
700

650 KN )
) 9]

Excitation (nm)

600

(8:,‘4)
550

500
1000 1100 1200 1300

Photoluminescence (nm)
Figure 2.4 Two dimensional contour plot of PL intensity versus excitation and emission

wavelengths. Each bright spot represents emission from certain (n,m) structure, as
identified in the plot according to Bachilo et al.1
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However, the correct assignment of chiral indexes revealed irreconcilable
differences between the calculated band-to-band and experimental energies,
known as the “ratio problem”. The band-to-band model predicted that the ratio
of energies E»/E11 for smaller diameter tubes is < 2 due to diameter dependent
curvature effects, but should approach 2 in the limit of large diameters.? On the
other hand, the experimentally obtained ratio approached a value less than 2.
The simple model excluding Coulombic interactions between the electron and
the hole was not enough and reconciliation to the ratio problem came through
an excitonic model described earlier by Ando.1® Coulomb interaction gives rise
to several bound excitonic states and changes the energy gap. The ratio problem
was explained by one-dimensionality of carbon nanotubes which makes the
electron-hole interactions particularly strong.!” The direct evidence of excitonic
nature of optical transitions in SWCNTs was obtained experimentally ruling
out the band-to-band transitions.’® The Coulomb interaction in three
dimensional conducting species is typically decreased by dielectric screening
(i.e. mobility of charges). In nanotubes the motion of particles is restricted to
one dimension and the electric field generated by the electron-hole pair is
largely outside of the tube decreasing the screening effect. Consequently, due to
one dimensionality, the probability for short electron-hole separations is
relatively more important than long separations (vice versa for higher
dimensional species), enhancing the role of the Coulomb interaction. Because of
these factors, the Coulombic interaction in SWCNT is relatively strong with
binding energies of 0.3 - 0.4 electron volts,'820 indicating that excitons in
SWCNTs have Frenkel type character. However, excitons in SWCNT are not
localized around an atom, but electron-hole distance is much greater than
SWCNT lattice constant, indicating Mott-Wannier exciton type typical for
semiconductors. Size of exciton in SWCNTs has been estimated to be ~2 nm, a
value larger than the nanotube diameter.?> 22 Furthermore, excitons have
noticeable mobility along the nanotube axis. The length of exciton excursion
during its lifetime has been measured to be 6 nm and 100 nm. 2!-23 Hereinafter
the excitonic states E;; are labeled according to the transitions.
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Figure 2.5 Typical absorption spectrum of HIiPCO SWCNTS dispersed in
dimethylformamide (DMF). The near-infrared region ~750 - 1400 nm consists of En
absorption peaks arising from specific semiconducting (1,m) structures. The visible region
consist of absorption peaks arising from both semiconducting and metallic SWCNTs.

Despite recent developments, the photon absorption as well as physical
processes occurring after photoexcitation are not yet fully understood. The Ex
absorption transitions of semiconducting SWCNTs take place in the visible
spectral region. Typical absorption spectrum of ultrasonicated and
ultracentrifuged SWCNT ensemble sample in dimethylformamide (DMF) is
represented in Figure 2.5. At visible spectral region ~400 - 700 nm, some
structure is observed in addition to continuum rising towards higher energy.
Absorption at this region is a combination of higher excitation states of
semiconducting SWCNTs, absorption of metallic tubes, metallic particles and
amorphous carbon. In the near-infrared (NIR) region ~750 - 1400 nm (~13000 -
7000 cm) the absorption transitions of semiconducting SWCNTs arising from
different nanotube structures are observed as better resolved absorption peaks.

The probability of an absorption process can be described by absorption
cross-section. A value of 0.6 - 1.8%10-17 cm? per carbon atom has been deduced
for only few structures.?* 2> When looking at the relative PL intensities from
PLE maps (see Figure 2.4) it is noticed that the intensities for group Mod 1 are
lower than for Mod 2. Since the concentration of each structure is not known in
the bulk samples, this leads to suggestion that the decrease in brightness is due
to lower abundance of those tube structures. However, since the synthesis
processes are not highly selective, it is unlikely that there is a strong tendency
towards a certain subset of structures. Oyama et al. studied the phenomenon by
comparing theoretical calculations with experiments.?® They predicted that
absorbance and PL intensities are structure-dependent and show a trend within
families. Absorbance for Mod 2 structures was predicted to be higher than for
Mod 1. This has not yet been fully proven by experimental studies.
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Figure 2.6 The excitonic energy sublevels for (10,0) SWCNT according to Spataru et al.Z

The PL intensity of SWCNTs involves a combination of initial photon
absorption, relaxation from Ez; to E11 and photon emission. These processes are
likely to have components dependent on intrinsic as well as extrinsic effects.
The relaxation from higher excited states to Ei1 occurs non-radiatively via
exciton-phonon interaction with much faster rate than emission Ei11.26 The
intersubband relaxation rate from higher exciton states to E11 has not yet been
determined with good accuracy for individual nanotubes. After relaxation, the
excitons are formed and distributed within excitonic energy sublevels (see
Figure 2.6). The E11 excitonic singlet-state is a bright state with odd parity and
angular momentum k = 0.2 Above this state lies a doubly degenerate even-
parity singlet state with k = 1, which is dipole-forbidden for optical transitions,
and thus a dark state. Another important dark state with even parity and k = 0
lies below the bright state. Triplet states lie lower in energy. The distribution of
excitons on these states described here is still an intriguing question. The theory
predicts that in an ideal nanotube the excitons do not scatter between states of
different parities® but the decrease in PL intensity below 50 K could suggest
symmetry-breaking by environment allowing equilibrium between dark and
bright exciton states.3% 31 The existence of dark excitonic states has been
observed under high magnetic fields as bright states and dark states with zero
angular momentum are mixed.?> 33 This phenomenon is weak at room
temperature suggesting thermal equilibrium between dark and bright excitonic
states, but gets stronger below 50 K. The existence of dark states explains the
low efficiency of light emission of semiconducting SWCNTs. The efficiency is
described with PL quantum yield defined as ratio of the number of photons
emitted to the number of photons absorbed. The PL quantum yields are
approximated to be less than 0.2.343¢ Furthermore, a study of PL action cross-
section (absorption cross-section®* PL quantum yield) indicate substantial
structure dependence.?> However, conclusive quantum yields have not been
defined yet.



22

Exciton dynamics is affected by non-radiative processes with phonons,
surface defects and impurities as well as exciton-exciton interactions. The
relatively low quantum yield suggests that exciton dynamics is dominated by
non-radiative processes, coinciding with long radiative lifetimes obtained, 10
and 110 ns.3” 3 However, whether the long lifetimes arise from intrinsic,
extrinsic or both effects, remains to be revealed. The difficulties in answering
these questions are connected with the challenges in sample preparation,
environmental effects and inhomogeneities of bulk/ensemble samples. The
short and long components of exciton lifetimes measured from ensemble
samples are 0.3 - 45 ps and 5 - 250 ps, respectively.3*42 The variations are likely
due to influence of suspension medium*? as well as differences in experimental
methods. The lifetimes measured from individual (6,5) tubes in aqueous gel
environment have components 10-65 and 200-800 ps.#+ 4> A three level model
including a ground state and bright and dark excitonic states was used to
explain these PL decays. In recent study, (6,5) and (6,4) tubes in two different
environments were measured and both mono- and biexponential PL decays
were observed.# The proportionality of monoexponential decays increased in
the more heterogeneous environment for (6,5). The processes of exciton-exciton
interactions become crucial at excitation levels sufficient to create two or more
excitons in a tube within exciton lifetime. The interactions are significant due to
substantial movement of excitons. Typically excitons collide via exciton-exciton
annihilation (EEA) opening at the same time a non-radiative decay channel that
relatively decreases the density of excitons and is observed in excitation
intensity dependence measurement as nonlinearity. The early studies on EEA
suggested that the interaction process is of Auger type*?, i.e. electron-hole pair
annihilates and releases its energy to third party charge carrier. The study
suggests the existence of free electron or holes arising from intrinsic or extrinsic
factors, inducing annihilation of exciton with Auger process. The Auger process
has been useful in describing nonlinearity in experimental work where
excitation is done with pulsed lasers.?>: 2> However, measurements with
continuous excitation proved that nonlinearity is observed at such low
intensities that exciton-exciton interactions are negligible.?* The cause of this
non-linearity is not yet determined.

2.3 Extrinsic and intrinsic aspects in SWCNT spectroscopy

Since all carbon atoms in SWCNT are on the surface all physical and
chemical properties, including absorption and emission, are dependent greatly
on the immediate environment of SWCNT. There are various extrinsic effects,
such as physical conditions, neutral or ionic surfactant coating, substrate, solid
matrix or air/gas suspension. Important phenomena are weak van der Waals
interactions of SWCNTs with each other and their tendency to bundle.
Nanotube bundles consist of tubes with different chiralities and diameters.4” 48
Bundling has a tendency to change nanotube properties such as electronic
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transitions and makes absorption bands wide and non-characteristic. PL is
especially sensitive to bundling effects explaining the late observation of
SWCNT emission, 10 years after the discovery of nanotubes.#® The crucial step
to observe PL was ultrasonication and centrifugation treatment of SWCNTs in
water and surfactant. Sonication breaks the nanotube bundles and surfactant
forms a micelle surrounding individual tubes. Only after discovery of this
procedure the absorption and emission spectra with well separated peaks were
observed. However the intensity of PL is sensitive to the type of surfactant,
possibly according to the surfactants tendency to wrap around the tube and to
hinder interaction with water. Electronic transitions are also pH dependent.>
Electrostatic doping removes/adds electrons from/to resonant states and light
absorption is suppressed at pH <5. Absorption is mainly sensitive to state filling,
but PL is very sensitive to dopants as reactive centers. Excitons move towards
dopant centers causing dramatic suppression of PL. This has been
demonstrated by stepwise quenching of PL after addition of acid, measured
from an individual SWCNT.2> When attached to a solid material, the PL is
quenched, since interaction with environment offers additional non-radiative
relaxation path.

In addition to extrinsic, also intrinsic effects can hamper spectroscopic
studies of SWCNTs. Firstly, images of SWCNTs recorded with scanning
tunneling microscope reveal that not all nanotubes are pristine but instead of
having hexagonal lattice structure, the tube can consist of heptagon-pentagon
junctions that naturally influence the electronic structure of tubes.>! Secondly,
there are physical defects caused by treatment of samples, mainly
ultrasonication, used for dispersion of tubes. Ultrasonication is a strong method
and, in addition to debundling, it can damage tubes and cut them shorter.
Defects as well as nanotube ends can act as reactive sites and hamper nanotube
emission measurements by quenching the PL intensity.

The dependence of absorption and emission properties on physical
parameters such as temperature, electric field and magnetic field has also been
widely studied.3! 52 53 The sensitivity of electronic transitions to temperature
effects are highly significant and should be taken into account when theoretical
results, often calculated at 0 K, are used to explain experimental observations.
In addition, temperature dependence of band transitions can provide further
information about electronic structure, for example coupling between electrons
and phonons. Theoretical study predicts small diameter- and structure-
dependent negative shifts in band gap energies at 300 K for individual
nanotubes.> Similar observations were made with tunable Raman
spectroscopy®® and PL spectroscopy3! % with the sign of the shift depending on
the tube structure. Fantini et al. reported that Ex transition energies for
semiconducting SWCNTs are redshifted and blueshifted for Mod 2 and Mod 1,
respectively, while increasing the temperature.’” The observation indicates
interesting difference in behavior between the two subset. The strain induced to
nanotube due to its surroundings, such as surfactant wrapping or bundling
with other tubes3!- %5 5 as well as adsorption and desorption of gases® 5 can
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cause positive or negative abrupt energy shift. These studies have again proven
how diverse the environmentally induced mechanisms affecting the complex
electronic structure of SWCNT indeed are.

The environmental effects discussed in this chapter together with
impurities (metal particles, multi- and double-walled tubes, amorphous carbon)
and large distribution of various structures (metallic and semiconducting) and
lengths have had enormous impact on all SWCNT studies. Many results
measured from bulk or ensemble samples have been hampered with several
uncertainties that can be avoided when combining spectroscopic and
microscopic techniques.3> 4 0 For example with fluorescence microscope, one
individual semiconducting SWCNT can be imaged and characterized by
comparing the wavelength of emission spectrum to PLE map (see Figure 2.4).
From the shape, width and position of the peak it is possible to evaluate with
good certainty whether the tube is individual or bundled. Bundled tubes are
observed as multiple peaks or as a shift in peak position.c! The full-width of
half-maximum values are approximately 30 cm-! larger for bulk samples than
for individual SWCNT?* though varying according to structure and surfactant.
Defects can be evaluated visually and tubes that show no observable dark areas
can be assessed as nearly pristine. The instability of PL intensity can reveal that
there are possible impurities in the vicinity of the tube, though not visible in
fluorescence image.

24 SWCNTs in applications

SWCNT is extremely promising material for industrial applications with
its unique mechanical and thermal properties. The graphitic sp? hybridized
carbon-carbon bond makes nanotubes one of the hardest material, 33 %
stronger than the hardest material in nature, diamond.®? Unlike planar
graphene, nanotubes with cylindrical shape have structural stability also under
compression. Spinning nanotubes into yarns and fibers could result in most stiff
material. Thermal conductivity along axis of nanotube, derived from strength
and toughness of sp? bond and 1D character that limits the scattering processes,
appears to be superior to other materials. Nanotube structures are stable up to
4000 K. In addition, carbon is light material compared to many metals. These
remarkable thermal and mechanical properties provide carbon nanotubes
tremendous possibilities in applications. For example, nanotubes can replace
carbon-fiber composites and graphite to increase the strength of such materials.
Applications vary from aerospace devices to everyday sporting goods. Carbon
nanotubes have potential to replace metals in heat transport with decreasing
heat losses. They can potentially be applied to conducting thin films, solar cells,
artificial muscles, nanoscale electrodes and components of nanostructured field
effect transistors and single electron transistors. Conductance of nanotubes is
highly sensitive to environmental changes providing great potential usage as



25

sensors. Other prospective applications of SWCNTs are NIR light emitting
diodes in nanoscale devices.

Some especially promising applications arise from sensitivity of
semiconducting SWCNT PL, such as sensing and imaging in biological systems
as well as nanomedicine and therapeutics. For biomedical applications,
SWCNTs have a number of advantages: 1) they are optically stable and do not
photobleach 2) they are sensitive to changes in dielectric environment because
all the atoms in SWCNT are on the surface 3) they have high absorbance at
visible spectral region where water is most transparent and 4) SWCNTs
fluoresce in near- infrared, a region of light spectrum where blood and tissue
are most transparent. Pioneering work has been done demonstrating promising
results of sensitive and selective fluorescent nanosensor for detection of DNA, 63
glucose,®* hydrogen peroxide®® and nitric oxide® even at single molecule level.
Some experiments show promising results for in vivo imaging in mouse.%3-66

Today there are still several challenges that need to be overcome before
carbon nanotubes can be effectively used in industrial applications. One is
production of high-quality nanotubes with efficient and low-costing techniques.
Also there are challenges involving the heterogeneity of the material and
difficulties in achieving uniform dispersion and well-aligned nanotubes.
SWCNT ensemble samples consist of a wide variety of different structures,
whereas many applications would require samples consisting of only one type
of structure. Significant steps towards separation of such samples have been
made through density-gradient ultracentrifugation.®”70 The technique is based
on sorting of nanotubes according to diameter, energy gap and electronic
structure using structure-discriminating surfactants to create species with
subtle differences in their densities. Another promising approach has been the
creation of DNA/SWCNT hybrids that are selective according to DNA
sequences and structure.”l- 72 Over 20 DNA sequences have been identified to
selectively disperse 12 semiconducting SWCNTs. Both methods are under
abundant study and show promising development towards manipulation of
SWCNTs in various environments. Furthermore, many fundamental properties
of nanotubes are not yet understood and intensive research still needs to be
focused on basic research of this material. Increasing importance is also put on
safety aspects of carbon nanotubes.
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3 EXPERIMENTAL METHODS

3.1 Experiments with near-infrared absorption spectroscopy

The study of temperature dependence of absorption transitions was performed
with material prepared by CVD (Thomas Swan Carbon Materials Elicarb SW
nanotubes, purity 70 - 90%) consisting of SWCNTSs with a diameter range 0.9 -
1.7 nm. For the purpose of absorption study at low temperature, the SWCNTs
were dispersed in ortho-dichlorobenzene (ODCB) and centrifuged, after which
the solvent was let to evaporate to produce a film of SWCNTs on MgF
substrate. Another solvent (toluene) and substrate (CaF.) were tested for
assessment of environmental influence. The absorption spectrum revealed that
the tubes were not as individuals but rather in bundles. The absorption
spectrum was measured between energies 5600 and 8800 cm where clear
oscillatory structure was observed originating from Ei1 transitions of
semiconducting tubes, assessed according to tube diameters and Kataura plot.
Fourier-transform infrared (FTIR) spectra (5600 - 12000 cm-1) with
resolution of 4 cm! were measured with Nicolet Magna-IR 760 spectrometer by
using a Quartz beamsplitter and MCT detector. The temperature dependence
between 10 - 298 K was measured by placing the sample inside a closed-cycle
helium cryostat (ADP Cryogenics) equipped with a resistive heater and a
temperature controller. Cryostat was pumped down to ~107 mbar vacuum with
a turbo pump over night. Thermogravimetric analysis was carried out with
thermogravimetric analyzer (Perkin-Elmer TGA 7) coupled to a FTIR
spectrometer (Perkin Elmer 2000 FTIR). Approximately 6 mg of SWCNT in a Pt
cup was heated with temperature ramped between 15 - 850 °C in synthetic air.
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3.2 Experiments with fluorescence spectroscopy and microscopy

The studies of emission transitions were performed with raw-material HiPCO
SWCNTs gained from Rice University. For PL studies water soluble surfactants
form a good environment.*>4° Four surfactants were chosen for environmental
dependence studies: sodium dodecylbenzenesulfonate (SDBS), sodium
taurocholate (STC), sodium cholate (SC) and sodium deoxycholate (SDC) (see
Figure 3.1). Surfactants form aggregates around the nanotubes but vary in the
type of interaction with nanotube surface and their capability of wrapping the
tubes. In SDBS the nanotube is surrounded by hydrocarbon chains forming a
micelle around the tube. In cholate-related compounds the cyclohexane
structure is non-covalently attached to nanotube wall by m - m stacking
interaction. The PL intensities are expected to vary in different surfactants.*3

Hi o\\“‘“

Sodium dodecylbenzenesulfonate (SDBS) Sodium taurocholate (STC)
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Figure 3.1 Structures of four water soluble surfactants used. SDBS forms a micelle
surrounding the nanotube. Cholate-related compounds are attached to nanotube wall by non-
covalent m-m interaction.

The samples were ultrasonicated for short period of time and centrifuged
to obtain samples containing a fraction of individual SWCNTs with lengths
exceeding 2 pm. The dispersions were mixed with melted agarose at 70 °C and
let cool down as a thin film between microscope slide and cover slip, to
immobilize the SWCNTs. The NIR fluorescence imaging and spectroscopy were
performed with a custom set up of a modified Nikon TE-2000U microscope
equipped with Nikon PlanApo VC 60X/1.4 NA oil-immersion objective.®® One
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output port of the microscope was equipped with a InGaAs near-IR imager
(OMA-V 2D, Roper Scientific) and another port was coupled with optical fiber
to the entrance slit of spectrograph (Jobin-Yvon C140) with 512 element InGaAs
detector array (OMA-V, Roper Scientific). Samples were excited with circularly
or linearly polarized continuous wave (cw) diode lasers (Aexc = 659, 730 and 785
nm), tunable cw dye laser and Ti-sapphire laser.

Figure 3.2 Typical image under fluorescence microscope of HiPCO SWCNT. The sample
is excited with 659 nm and the nanotube structures with absorption close to resonance are
visible with bright PL intensity.
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Figure 3.3 Fluorescence images of four individual SWCNTs measured in SDC/agarose
and their corresponding emission spectra. Solid lines represent Lorentzian fits. The tubes
are identified by comparing the peak positions to the ones measured from PLE map.

In the study of exciton mobilities, the reactant added for PL quenching
was an aqueous solution of 4-bromobenzenediazonium tetrafluoroborate
(Acros Organics). The diazonium salt forms a covalent bond with SWCNTs. 73
SDC was chosen to be used for other PL measurements, since it produces the
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highest PL intensity. Highly significant part of the measurements is the
selection and identification of nanotubes which would represent nearly pristine
SWCNTs with only little defects. When searching the nanotubes under the
fluorescence microscope, only the most intense ones were chosen for spectral
analysis (see Figure 3.2). These are likely to represent nanotubes with Ex
absorption transition close to the excitation wavelength. For each diode laser
there are four nanotube structures that have close resonance absorption
transitions. The tuneable lasers were adjusted explicitly for certain nanotube
resonance wavelength. SWCNTs were characterized by comparing PL spectrum
of the individual tube to the structure assigned PLE map! measured from
ensemble sample. (see Figure 3.3). After characterising the tube, the following
criteria were used to select nanotubes: length greater than 2 pm to minimize
the influence of end-related quenching effects, absence of defects seen as non-
uniformities in SWNCT spatial emission profile, and emission peak maxima
within 3 nm from the average ensemble Ei1 emission maxima as found in the
bulk samples. Also the stability of PL intensity needed to be evaluated. This
turned out to be important, since detailed observation revealed that most tubes
are not stable, but show PL quenching as well-defined steps or rapid
fluctuations, “jumping”. PL intensities were measured for each nanotube
structure with same measurement set up to make them comparable to each
other. The excitation power and focusing were taken under consideration. The
experimental excitation intensities were normalised by the number of carbon
atoms and scaled down by a relation o(A22)/ o(Aexc) Where 0(A22) and o(Aexc) are
absorption cross-sections at the Ex resonance and the excitation wavelength,
respectively, obtained from bulk PLE maps of SWCNT suspension.34

For study of exciton dynamics six nanotube structures were chosen: (10,2),
(9,5), (8,6), (8,7), (10,5) and (9,7). The same criteria and procedure were used for
identification and selection of tubes as previously. The fluorescence images
where measured time-resolved with 50 ms frames, ~10 s for each with
excitation power attenuated by a set of filters, measured from low to high
intensity and back between. The excitation power was varied between 0.02 and
100 kW/cm? with a focused laser spot. The importance of measuring time-
resolved PL was again demonstrated since significant part of the measured
nanotubes did not have stable PL intensity even at relatively low excitation
levels. If only accumulation had been collected, the tubes having various types
of fluctuation behavior, stepwise or just “jumping” could not have been
observed.
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4 RESULTS AND DISCUSSION

4.1 Temperature dependence of excitonic absorption

For the purpose of light emitting applications of carbon nanotubes, the
processes occurring after photoexcitation are of high interest. However, to fully
understand these processes, and especially environmental and structural
dependencies, it is useful to also study the absorption. The importance of this
study lies in the complexity of the environmentally induced mechanisms to
alter the energy gap and shift the electronic absorption transitions as a function
of temperature. Most of the temperature dependence studies have been done
with Raman’#77 and PL spectroscopy3" 78, while in this study the electronic
absorption spectroscopy was used.

As shown in Figure 4.1, the baseline corrected NIR-absorption spectra at
three temperatures illustrate obvious sharpening of peaks at lower
temperatures. The peaks are suggested to originate from the Ei1 transitions of
SWCNTs that are bundled and in contact with the surface, and thus cannot be
assigned according to Bachilo et al.! The spectra are fitted with multi-Gaussian
function clearly distinguishable at 10 K. Since the bandwidths are hampered by
removal of continuum baseline and to some extent, overlapping of peaks, the
most reliable information about temperature dependence is gained from peak
positions that are more accurately determined. The temperature dependencies
show three type of behavior in increasing temperature: blueshift (peaks 1 - 3),
redshift (peak 4) and no shift (peak 5) within error limits (see Figure 4.2). Most
interesting are the peaks 1 and 2 that show smooth blueshift between 10 and
175 K and then very abrupt blueshift at ~200 K (see Figure 4.3). The
temperature effect on band positions is reversible without hysteresis.
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Figure 4.1 Baseline corrected NIR absorption spectrum of SWCNT film at 10 K, 175 K and

293 K. The spectra are fitted with multi-Gaussian represented with dashed lines. The bands
1 - 3 blueshift and band 4 redshifts. Band 5 does not shift within error limits.
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Figure 4.2 The relative energy shifts as a function of temperature. Bands 1, 2 and 3
blueshift, whereas band 4 slightly redshifts and band 5 does not shift within error limits.
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Figure 4.3 The transition energy shift of band 1 as a function of temperature for a cooling
cycle (filled circle) and for a heating cycle (open circle). Between 10 and 175 K the shift is
smooth and can be described with Bose-Einstein statistics (inset). Around 200 K, the shift is
abrupt and saturates >250 K.

The analysis can be divided according to these two temperature ranges. At
10 - 175 K, the data is fitted with equation describing Bose-Einstein statistics for
thermal population of phonons (Equation 1, Article I Correction). The Bose-
Einstein fitting can provide understanding of coupling between phonons and
excitonic state. The phonon frequency values obtained correspond to typical
RBM frequencies and are in agreement with previous studies.” An interesting
question arises from the sign of the shift. The band gap shift due to electron-
phonon coupling is expected to be negative 5 whereas our study indicates
both positive and negative shift. Differences in thermal expansion coefficients
can cause mechanical strain along nanotube and alter the electronic structure.
The most prominent causes of strain are tubes themselves inside bundles and
the substrate where the film is dried on. The latter option was tested with two
different substrates and it was concluded that significant difference in thermal
expansion coefficient did hardly change the shift. Then again the bundling
might not be good enough explanation for such a smooth shift. Since the
bundles are formed without any structure preference, the transition peak
should be strongly broadened rather than shifted. The possible explanation
could lie in the presence of other substance adsorbed on nanotubes. Since the
sample was kept under high vacuum conditions (~107 mbar), the only
prominent option really is water. At this point we can also consider the second
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part of analysis, abrupt shifts around 200 K most likely to be caused by strong
environmental change.

It is very difficult to remove water vapor even in vacuum, due to its low
vapor pressure and its remarkable capability to interact with surfaces via
hydrogen bonding. Even extensive pumping in high vacuum is not enough to
extract all water. This is why it is reasonable to assume that our sample contains
some amount of water. There are a couple of options to explain the phenomena
under investigation. One option is adsorption/desorption of water vapor. This
was further investigated with thermogravimetry coupled with FTIR. The results
indicate that some water is released upon heating from bulk nanotube sample.
However more accurate analysis is impossible due to small mass of the
analyzed sample. The water detected in FTIR rises smoothly up to even 850 °C,
suggesting that water is first desorbed from tubes but adsorbed onto the walls
of the system, and released later. However, further tests made to support
adsorption/desorption of water onto the walls of nanotubes did not turn out as
expected. Shortly, the sample film was measured and cooled to 10 K, then
heated over night at ~300 °C, measured again and finally exposed to water
vapor at room temperature for 2 days and measured again. There was a clear
difference between the spectra of the original and heated sample, but
interestingly, the spectra of vapor treated sample did not return to the original
one. This suggests that sufficient amount of water is not adsorbed to nanotubes
under these conditions to reversibly change the spectrum back to original. This
led us to discuss another alternative: strain caused by water trapped inside the
nanotube. Theoretical studies suggest that water could form a ‘nanotube” when
trapped and confined inside a nanotube.” The theory is supported by a
research by X-ray diffraction.®) The phase transition temperature can depend on
the tube diameter.” 81 The phase transition of water nanotube inside SWCNTs
could be the most prominent explanation for our observations. Since the
electronic structure of SWCNT is highly sensitive to the environment, it can be
expected that the strong shift is caused by phase transition of water. The
temperature for phase transition of structured water can be expected to be
higher than for adsorbed water, which could explain the strong shift at ~200 K
and is in accordance with previous result.80 In addition, the water trapped
inside the nanotube could explain our experiment with heating and adsorbing
water back again. It is possible that water is released upon heating but cannot
be condensed inside the tube again in water vapor conditions. The suggested
process is that water has been trapped inside the nanotube during wet
processes done for purification of the samples, generally including
ultrasonication treatments with aqueous acids.

Though the idea of water nanotube inside SWCNT could explain our
observation, our method is not sensitive enough to validate this suggestion. The
certain conclusion to be made is that the temperature shifts are caused by
environment, most prominently water. The suggested mechanisms are
adsorption/desorption of water and strain caused by phase transition of water
confined inside the nanotube. The crucial problem in this study, as in many
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other SWCNT studies, was the sample itself. For studies of electron-phonon
coupling, it would be useful to study individual SWCNTs. The absorbance
measurement of individual tube is extremely challenging due to low intensity
and could not have been achieved in this work. However, this study indicates
the importance of the temperature effect, which should be taken into
consideration when analyzing experimental results against theoretical
predictions.

4.2 Exciton mobility

After realization that semiconducting SWCNTs create bound excitons rather
than free charge carriers, the size and mobility of excitons has been under
intensive research. The exciton mobility is important for understanding linear
and non-linear optical responses. Exciton motion is closely related to properties
like PL quantum yield and exciton lifetime. The noticeable mobility of excitons
makes PL intensity highly sensitive to quenching sites that can be intrinsic
defects or environmentally created sites as a result of processes such as
oxidation or functionalization. Cognet et al.?® studied exciton mobility with
single-molecule chemical reactions with individual SWCNTs and discovered
that oxidation or functionalization causes the PL intensity to quench in steps.
Analysis of the step size against initial PL intensity in SDBS revealed that
exciton range A, the distance traveled by the exciton during its lifetime, was ~90
nm. The nature of exciton motion has been predicted to be diffusional with
diffusion coefficient D 0.1 - 0.4 cm? s1.21. 23 In this research an attempt was made
for measuring the exciton range A in different environments for a single (1,m1)
species.

Movies with 50 ms frames of an individual SWCNT under
fluorescence microscope were recorded after addition of the quenching salt, 4-
bromobenzenediazonium tetrafluoroborate (see Figure 4.4). The diazonium salt
reacts with SWCNT forming a covalent bond. The single-molecule reaction
events were observed as drops in PL intensity at the reaction site. Differential
image sequences of n frames between n-1 and n+1 frame revealed that the
chemical reaction events were apparent as spatially localized, diffraction
limited peaks centered on nanotube axis. These reaction events are visible as
distinct steps in time-dependent PL intensity. The size of chemical reaction sites
in our measurement are below the diffraction limit, which is approximately ~1
pm (~3 pixel area). The exciton range (A) cannot be measured directly, but can
be calculated with equation

A=

I/L

where A is the magnitude of the intensity drop and I/L is the initial intensity
per unit of length (see Figure 4.4).

Equation 4.1
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Figure 4.4 Near-IR fluorescence image of an individual (8,7) nanotube suspended in SDC
(up left). The single-molecule reactions with diazonium salt are observed as quenched
spots (up middle and right). Time-dependent fluorescence intensity of the nanotube after
addition of reactant (below).

To be able to distinguish between A values in different environments, a
Matlab algorithm was developed for the analysis. The program was designed to
identify reaction events from the frame sequence and to evaluate the intensity
change of reaction event with 2-dimensional Gaussian fitting. A common
complication in this procedure is visible in the time-dependent PL intensity (see
Figure 4.4) as the step amplitudes decrease in the course of the reaction. This is
expected as the already existing quenching sites effect the PL intensity. The first
obvious option would be to compare the intensity drop to the level right before
the reaction event, as the interest is in the relative change of PL intensity.
Unfortunately the determination of this intensity level did not prove to be
reliable, because of interference of existing defects.



36

All events

0 T T T T

Counts

Events occuring
4 {>700 nm distance
from prior events

0 .

0 100 200 300 400

Exciton range (nm)

Figure 4.5 Histograms of the measured exciton ranges, A, for (7,5) SWCNTs in SDC. The
upper histogram represents all data points received after algorithm. The lower histogram
represents data where events closer than 700 nm distance from prior events are removed.
The dashed vertical line indicates an average value of 238 nm. The bins are 20 nm.
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Figure 4.6 Position/time map for the steps labeled in order of appearance, with symbol
diameters proportional to the step magnitudes. This map shows that the largest step events
tend to occur at early times and are spatially separated from each other.
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The evaluation of the most reliable data points proved to be the most
difficult and challenging part of this work. The following path was taken when
estimating the most reliable exciton range for (7,5) structure in SDC. The data is
collected from 10 individual tubes. More than 20 tubes were measured
altogether, but after careful analysis of the stability of the PL intensity and also
the stability of physical position, some of them were rejected. Histogram
including all reaction events (see Figure 4.5) indicates largest contribution
around 220 nm and then noticeable amount of events at shorter exciton ranges,
arising from chemical attacks at a site close enough to a previously formed
quenching site resulting in diminished intensity of steps. The 0-bar is arising
from artificial data points. This was justified with step intensity versus time
profile indicating a pattern of decreasing intensity (see Figure 4.6) Only those
events that are spatially well separated from prior quenching sites provide
reliable data for the determination of A; others were discarded. To implement
this restriction, we computed the distance between each new quenching site
and all prior quenching sites on the same nanotube. Any intensity steps located
within 700 nm of a prior event site are excluded from the compilation of A
values. This allows only ~5 % spatial overlap between sequencing steps. In the
final round of the analysis, these points were excluded resulting exciton range
of 238 + 24 nm (see Figure 4.5). This value was estimated as the most reliable
exciton range, and it is consistent with the value gained with the two other
iterations. The values for (7,5) in other surfactants were 144 + 26 nm in SDBS,
182 + 18 nm in STC and 178 + 20 nm in SC. The quoted experimental
uncertainties equal twice the standard error of the mean. The value in SDBS is
somewhat higher than estimated in a previous study.?? In this study special
attention was paid on the quality of the tubes to make sure that most pristine
tubes were represented. In previous study some of the steps were possibly
falsely judged as double or triple events occurring within a diffraction limited
area. As the diazonium salt concentration was kept low, the events are well
separated in time and space as observed in time-dependent PL intensity (see
Figure 4.6), the probability of multiple events should be negligible. The
intensity of a step was also estimated more precisely with Gaussian fitting. A
recent work with air-suspended SWCNTSs reported substantially longer exciton
range, above 600 nm, as can be expected.82
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Figure 4.7 Exciton range, A, of (7,5) SWNCTs as a function of the relative PL intensity per
carbon atom (I) for four different surfactant environments. Error bars show staryiard
deviations of data sets. The dashed curve is the best least-squares fit to the function g~/ .

To understand the environmental effects observed in exciton mobility it is
necessary to correlate the results with another photophysical property, i.e. the
PL action cross-section, ‘brightness’ or relative PL intensity. This parameter is
known to depend significantly on SWCNT environment. 34 43,4583 The PL action
cross-section is the product of absorption cross-section at the Ez transition
maximum (c(A22)) and the PL quantum yield (®pr), o(h22) x ®pL. The relative
action cross-sections that are proportional to relative intensities were measured
independently for (7,5) in SDBS, STC, SC and SDC. The correlation between
exciton range and PL intensities relative to action cross-section shows obvious
monotonic relation (see Figure 4.7). The environment dependent variation is
attributed mainly to different quantum yields, because Ez; spectral transitions
are weakly dependent on environment. Assuming that E11 radiative rate is also
relatively constant, the PL intensities can be considered to be proportional to
the exciton lifetime t. The correlation observed in Figure 4.7 is consistent with a
square root dependence, indicating that exciton range is proportional to Jr.
According to the law of diffusion distance traveled by a particle is proportional
to r/Dr, where D is the diffusion coefficient. The result strongly supports the
view of localized excitons with substantial diffusional motion along tube axis.
Here it should be noted that D might be surfactant dependent, but the
dependence has not been studied. The main contributor to the differences in
exciton ranges is considered to be the exciton lifetime, which is known to be
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surfactant dependent. Duque et al. reported that exciton lifetimes measured

from individual (6,5) tubes are approximately four times longer in SDC than in
SDBS.4
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Figure 4.8 Diameter dependence of exciton range for ten (n,m) structures. The Mod 1 and
Mod 2 are indicated with blue and red, respectively. The dashed line is a statistically
weighted linear best fit to the data.

The study of environmental dependence of exciton mobility was
performed with (7,5) tubes to eliminate any variation originating from (1,m)
structure. However, many optical properties can be expected to vary according
to structure such as PL quantum yield ®pr, absorption cross-section c(A22),
diffusion coefficient D, exciton lifetime and relaxation rate from Ex to Ei11. This
is why it is of high interest to study structure-dependence of exciton ranges.
The measurements and analysis were performed using SDC as the surfactant.
Figure 4.8 shows the exciton ranges for 10 nanotube structures as a function of
diameter. The values vary between 190 - 370 nm with a weak positive
correlation. No clear difference in exciton ranges between mod 1 and mod 2
groups is observed.

The PL action cross-section, which is proportional to PL intensity, is
known to have strong structure dependence (see Figure 4.9). The general trend
observed is that larger diameter structures emit at lower energy level with
lower PL intensity. The observed difference within the measured 10 structures
is a factor of six, where (10,2) is the brightest and (9,7) and (12,5) the dimmest.
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The tube (10,2) has been predicted to be the brightest in theoretical work?¢ and
in measurements performed in SDBS3?*. The exciton ranges for a single structure
in various surfactants showed a difference of 100 nm while PL changed by a
factor of three. One could expect a similar trend for structure-dependence.
However, the exciton range does not show strong correlation with the PL
intensity for different (11,m) (see Figure 4.10). Statistically weighted linear best fit
to the data shows a slope not significantly different from zero. The PL intensity
on x-axis is proportional to o(A2) x ®pr, where ®pL is proportional to exciton
lifetime t and exciton non-radiative relaxation rate from the initial (E22) to the
emitting (E11) excitonic state. According to our exciton diffusion results, the y-
axis is proportional to~/Dr. All the parameters mentioned here are likely to
have structure dependence, but the sign and strength of the structure-
dependence are not yet defined. It is possible that D and 1, for example, have
opposing effects so that their product remains nearly constant. More probable
explanation could be that the strong structure-dependence of PL action cross-
section is not originating from 1, but from absorption cross-section. Theoretical
study by Oyama et al. suggested a strong decreasing trend in absorption
intensity within families with same 2n-m value.?6 However, at the moment there
is no conclusive experimental data on structure-dependence of absorption
cross-section which could support our observation.
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Figure 4.9 Relative PL intensity as a function of emission wavelength for ten (n,m)

structures. PL intensity has clear structure-dependence. The Mod 1 and Mod 2 are
indicated with blue and red, respectively.
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Figure 4.10 Exciton range as a function of relative PL intensity. The dashed line is a
statistically weighted linear best fit to the data; its slope is not significantly different from
zero. The Mod 1 and Mod 2 are indicated with blue and red, respectively.

The results presented here directly show that exciton mobility has
dependence on environment and PL dependence supports the model of
localized excitons having substantial diffusional mobility along nanotube axis.
With exciton lifetime of 50 to 300 ps?* 4> the diffusion coefficient D is estimated
to be between 0.2 and 2.8 cm? s, in the same range as reported in prior
studies.?> 22 With proof of diffusional motion, exciton lifetimes and exciton
ranges can be connected via diffusion law. Understanding the nature of exciton
mobility is important for prospective use of SWCNTs in optoelectronics.
Because of substantial exciton mobility, PL intensity is highly sensitive to
chemical derivatizations and protonation. Because of this property, the use of
SWCNTs as fluorescent nanosensors for detection of single molecules is
promising. The advantage of surfactant/water environment used in this study
is that it could be appropriate for biological applications. The complications
encountered during measurements and data analysis support the sensitivity of
SWCNT electronical structure to extrinsic effects: only a small proportion of
characterized SWCNTs was stable enough for analysis. It also explains the
difficulty of comparing the results obtained from ensemble samples against
individual tubes. The percentage of nearly pristine tubes is low and ensemble
measurements are hampered by damaged material.
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4.3 Exciton dynamics

Since the excitons in SWCNT have notable mobility along the nanotube axis, it
is predicted that when exciting with sufficiently high excitation powers, the
increased number of excitons would lead to substantial interactions. Studies of
exciton-exciton interaction (EEA) processes are needed for understanding
exciton dynamics. Interactions are observed as nonlinearity in PL intensity at
higher excitation levels, whereas PL intensity is linearly proportional to
excitation intensity at low levels. Our approach was to study nonlinearity of
individual SWCNTSs under continuous laser excitation in SDC.
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Figure 4.11 PL intensity measurements on an individual (10,5) SWCNT. In a), each bar
shows repeated 50 ms intensity measurements at a single excitation level that is adjusted
from bar to bar. In b) the average of each PL intensity bar is calculated and plotted versus
excitation intensity. Closed circles indicate measurements taken at increasing excitation
intensity; open circles show values for decreasing intensity. The process is reversible. The
smooth red curve shows a fit by equation describing the experimental data. The dashed
blue vertical line marks the intensity giving 50 % nonlinearity.

The emission was collected from ~1 pm?2 area positioned at maximum
intensity and averaged to visualize the nonlinearity (see Figure 4.11). The PL
increase is linear below 0.5 kW/cm? after which apparent nonlinearity is
observed. The nanotube represented in Figure 4.11 has stable PL throughout the
measurement and the data points measured with increasing and decreasing
intensity show good repeatability, indicating that no permanent photoinduced
change in emissive behavior is present. Only approximately half of the
measured nanotubes displayed such smooth and reversible excitation
dependence. To compare the magnitude of nonlinearity, the experimental traces
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were fitted with non-physical function and intensity at point where PL signal
relative to excitation intensity is quenched by a factor 2, Iso, was recorded. The
Iso dependence against the relative PL intensity indicates that “dimmer” tubes
have generally higher nonlinearity threshold (see Figure 4.12). The potential
explanations for high threshold can be 1) shorter exciton lifetime providing less
time for interaction and 2) smaller absorption cross-section value, meaning
decreased absorption probability and exciton density. The lack of structure
dependence in exciton diffusion ranges suggests that absorption cross-section is
more likely explanation. On the other hand, to evaluate the effect of exciton
lifetime on the saturation value, (10,2) was measured additionally in SDBS. The
PL intensity of (10,2) in SDBS is approximately five times less than in SDC.
Since the absorption cross-section is the same, the difference arises mainly from
exciton lifetimes. The observation coincides well with the differences observed
in measured exciton lifetimes.#> The results indicated clearly higher I5p in SDBS,
which is in agreement with exciton lifetimes and diffusional range.

_ (10,2) in SDBS

N

e

o

;

x 2 I

° 9.7

=

c

2 (10,5)

ks (8,6)

S 4] + (9.4)

X ¥ '

B ——
0 T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Relative PL Intensity (a.u.)

Figure 4.12 50 % Saturation value of six different nanotube structures as a function of
relative PL intensity. The measurements are done in SDC surfactant (solid circle) and
additionally (10, 2) is measured in SDBS (open circle). Error bars show standard deviation
of the datasets.

The early studies of nonlinearity in bulk samples attributed the
nonlinearity to Auger-type exciton-exciton annihilation (EEA).20. 42 However,
recent studies utilizing ultra-fast spectroscopy?® and continuous wave
spectroscopy?* indicate that PL nonlinearity appears in such a low intensity
regime that nonlinearity cannot be explained by EEA. Non-linearity study of
individual tubes under pulsed laser excitation indicated that EEA is highly
efficient, and saturation is observed with 2 - 6 excitons per some micrometers.?>
However, in our study the lowest I5o value for (10,2) is ~0.4 kW /cm?. Assuming
SWCNT absorption cross-section o(A22) of 1012 cm?/pm?* 2> and intrinsic exciton
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lifetime less than 100 ps (major component) 2# 4> the average number of photons
absorbed by a 1 pm segment of nanotube during exciton lifetime equals ~0.2.
Considering the exciton diffusion ranges 230 nm, the exciton concentration is
far too low to explain quenching of 50% at this excitation level. However, since
the exciton lifetimes are not yet well defined it is not possible to disregard this
mechanism.

The exciton population n at Ej1 energy level can be described with
equation

dd_]:[ - O-(j?Z) : [exc - kl ' N - k2 (N) ’ N2 Equation 4.2

where kj is the internal decay rate of exciton and k2(N) is the rate coefficient of
EEA. For 1D situation, k>(N) is not a constant but depends significantly on the
average distance between excitons and fluctuates in time.3* Thus, the equation
does not have an analytical solution. To further study our experimental results
within the model of EEA we performed numerical simulation to model one-
dimensional diffusion of excitons. Excitons are randomly created along the
nanotube with given absorption cross-section, 1012 cm?/pm and increasing
excitation intensity. The excitons moved along the tube with smal