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Abstract

Carbon nanomaterials are an active frontier of research in current nanotechnology. Single wall
Carbon Nanotube (SWNT) is a unique material which has already found several applications in
photonics, electronics, sensors and drug delivery. This thesis presents a summary of the author’s
research on functionalisation of SWNTSs, a study of their optical properties, and potential for an
application in laser physics.

The first significant result is a breakthrough in controlling the size of SWNT bundles by varying
the salt concentrations in N-methyl 2-pyrrolidone (NMP) through a salting out effect. The addition
of Sodium iodide leads to self-assembly of CNTSs into recognizable bundles. Furthermore, a stable
dispersion can be made via addition polyvinylpyrrolidone (PVP) polymer to SWNTs-NMP
dispersion, which indicates a promising direction for SWNT bundle engineering in organic

solvents.

The second set of experiments are concerned with enhancement of photoluminescence (PL),
through the formation of novel macromolecular complexes of SWNTs with polymethine dyes with
emission from enhanced nanotubes in the range of dye excitation. The effect appears to originate

from exciton energy transfer within the solution.

Thirdly, SWNT base-saturable absorbers (SA) were developed and applied to mode locking of
fibre lasers. SWNT-based SAs were applied in both composite and liquid dispersion forms and
achieved stable ultrashort generation at 1000nm, 1550nm, and 1800 nm for Ytterbium, Erbium and

Thulium-doped fibre laser respectively.

The work presented here demonstrates several innovative approaches for development of rapid
functionalised SWNT-based dispersions and composites with potential for application in various

photonic devices at low cost.

Key Words: carbon nanotubes, polymers, poltymethine dye, photoluminescence

spectroscopy, saturable absorber, mode locked fibre laser.
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Chapter 1




1. Introduction

Rapid development of nanomaterial has resulted in the creation of a unique platform for new
research and industrial applications. Reducing the size of materials to nanoscale causes new
physical and chemical properties to appear which are unavailable in bulk materials. Carbon is a
versatile chemical element, which is able to form various allotropes including graphite, diamond,
fullerene and carbon nanotube (CNT). Those materials possess a wide range of mechanical,
thermal and electronic properties making them important for current and future applications such

as in composites, mechanics, solar cells and supercapacitors.

The aim of this research is to develop functionalized CNT and techniques for CNT bundle
engineering with the purpose of achieving strong optical properties for applications in ultrafast
photonics. The thesis comprises of five chapters. Chapter one gives a brief introduction to state-of-
the-art properties of CNT from synthesis through functionalization to applications. In chapter 2, a
new method for CNT bundle engineering through the salting out of CNTs in organic solvent in
presented. Chapter 3 describes the development of new complexes of CNT-organic dye with
enhancement of photoluminescence (PL). Chapter 4 shows how ultrashort pulse lasers can be

mode-locked using CNTs. Chapter 5 contains an overall conclusion.

1.1 Carbon Nanotubes

Since the first observation in 1991 by lijima [1], carbon nanotubes (CNT) have attracted
considerable scholarly attention worldwide due to their unique thermal, mechanical and electronic
properties. CNT is a one dimensional (1D) allotrope of carbon created by rolling up of graphene
sheets and appears in the form of single-walled carbon nanotubes (SWNTSs) and multi-walled
carbon nanotubes (MWNTSs). SWNTs can be semiconducting or metallic and have exceptional
electrical and thermal conductivities and massive tensile strength [2]. SWNTSs have a cylinder shell
with one atom thickness and a small diameter approximately 0.8 — 1.4 nm and the tube length can
be many thousands of times longer. In contrast MWNTSs have a diameter up to 100nm and up to
approximately 3 cm long. Due to the strong optical properties, SWNTSs have potential use as near-
infrared emitters and detectors, nonlinear optical switches, fluorescence sensors and bio-labels in
biomedical applications. The electronic structure of SWNTs depends on the geometrical structure

(tube diameter and chiral angle), and chirality (n,m) is used to specify a nanotube structure. A

20



nanotube is referred to as zigzag if o = 0, armchair if o = 30° and chiral where 0 <a< 30°, as

shown in Figure 1-1. The diameter of the tube is given by;

d=%\/n2+m2+nm (1)

Where a is the carbon-carbon bond length and a = 0.249 nm [3].
The chiral angle of the CNT a is derived from measurement of n and m as follows;

\V3m

o = tan™I(
2n+m

) )

T

0 < a > 30° Chiral

o =0°Zig-Zag

R

a =30° Armchair

Figure 1-1 Construction of carbon nanotubes.

Semiconducting SWNTSs have a direct energy band gap, which depend on tube diameter. Energies
of the optical transition of SWNTs can be simply deduced from a Kataura plot [4] (Figure 1-2),
showing the strong dependence of SWNT optical properties on chirality (n,m) of the CNT [4].

3

Energy Separaton (eV)

Nanotube Diameter (nm)

Figure 1-2 Kataura plot of the optical transition energies of single-walled carbon nanotubes. Reproduced with
permission from [4].
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1.2 Nanotube growth method and characterization

The unique mechanical and electronic properties and promise the potential for applications of both
MWNTs and SWNTs have stimulated the search for production of CNTs in bulk amounts and
with controllable parameters. The first observation of MWNT was reported in Japan by Prof lijima
in 1991 [1] and only two years later, lijima and co-workers from the IBM Almaden Laboratory
made experimental observation of SWNTs [3]. Due to advancements in various syntheses, and in
purification and separation techniques, SWNTs and MWNTSs can be currently produced in tonne
quantities. Only the most common methods for synthesis of CNTs are reviewed here.

1.2.1 Arcdischarge

Arc discharge is the easiest and most common way to produce CNT. A DC electric arc discharge
is ignited between a pair of graphite electrodes in an inert gas atmosphere. The formation of
MWNTSs occurs due to hot gaseous carbon atoms being evaporated from the solid carbon
electrodes. The formation of SWNTS requires the presence of a metallic catalyst in the arc system,
and this method allows production of CNTs in gramme quantities. However, a complex mixture of
carbon-based components is produced by this technique, and further purification is required for

separation of CNTs from the soot and residual catalytic metals, present in the crude product.

1.2.2 Laser ablation

A high power laser pulses has been used for evaporation of carbon from a graphite target typically
placed in high temperature oven with an argon atmosphere [6]. Both MWNTSs and SWNTS can be
produced by this technique. As in the case of arc method, the graphite target needs to be placed
together with 50:50 catalyst mixtures of cobalt and nickel in order to produce SWNTs. The
average nanotube diameter and diameter distribution can be controlled, by varying the growth

temperature and size of catalyst particles [3].

Both laser ablation and the arc method produce CNTs in the form of powder and it is not possible
to synthesize ordered CNTs on the substrate. Additionally, the laser ablation method requires
expensive equipment and significant energy consumption. However the laser ablation SWNTs

used in this work, have an extremely narrow diameter distribution with a central tube diameter of
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1.186 — 1.789 nm which leads to controllable absorption bands in the 1400 — 2000 nm spectral
range [3,7].

1.2.3 Chemical vapour deposition

Chemical vapour deposition (CVD) utilises a decomposition of gaseous carbon compounds over
nanoparticle metal catalysts. This method has been used to produce various carbon nano-materials.
Typically cobalt and iron catalysts deposited on silica or zeolite act as nucleation sites for initiation
of CNT growth. The advantage of CVD is the possibility to grow of isolated nanotubes or a CNTs

forest on different substrate in 10-100 gramme quantities.

SWNTs have been directly grown by CVD in a methane atmosphere on catalytically patterned
substrates. Both of CoMoCaT and HiPco SWNTSs are used in our research because offer strong
optical properties in the near IR range (1000 - 1600 nm), a uniform diameter distribution with
specific SWNTSs chiralities, high purity [8,9] and they are process able into optical composites via
simple methods [10]. Typically, HiPCO tubes show a broader diameter distribution when

compared with CoMaCat and can be used for photonic applications in a broad spectral range [11].

1.3 Material and Methods for Preparation of SWNTSs

Both commercial and in laboratory synthesized SWNTs are used in this research. The choice of
tubes was predominantly conditioned by their optical properties in a specific spectral range. Those
SWNTs have a strong optical absorption and PL in the range 1000 - 2000 nm, which corresponds
to a typical diameter distribution of 0.9 - 1.4 nm. We understand as a “dispersion ability” of those
materials, as an ability to disperse SWNTs within specific solvents or water-based solutions. Table
1-1 displays general information on methods of preparation, purity and diameter distribution

within initial material [10].
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Table 1-1 CNT material details of the properties and sources as used in this research.

CNT Product | Method | Purity Diameter Features

SWeNt CG100 | CVvD >70% (carbonas SWNT) | 0.7-1.3nm | e High purity
Uniform chiral
distribution

SWeNt CG200 | CVvD >90% (carbon as SWNT) | 0.7-1.4nm | e High purity

e Large diameter

e High metallic
tube content

e High electrical
conductivity

HiPco Pure CvD <15 wt% 0.8-12nm |e Drypowder of
nanotubes
bundled in
ropes

Laser Ablation | LA Grown in scientific 1-1.4nm e CNT paper and

laboratory condition, raw powder

In order to study the optical and electronic properties of SWNTs, samples need to be firstly
dispersed in various solvents and then dispersed in polymer matrixes or deposited onto various
substrates. The challenge here is the hydrophobic nature of SWNTSs which leads to aggregation of
SWNTs in water, whilst organic solvents have tenable same effects on SWNT electronic
properties. For example in optics and photonics, SWNT bundles can act as quenchers for PL or
can scatter light. Therefore, controlling the formation of large CNT bundles and their size is
critically important for photonic applications [12]. The successful dispersion of individual carbon
nanotubes and small bundle were achieved by wrapping of polymer or surrounding of surfactant

micelles in solvent and water-based.

Researchers typically use ultra-sonication systems as shown in Figure 1-3, using approximately 20
KHz frequency range. In the first moments of exposure to ultrasound the CNT aggregate can be
dispersed in the solution through breaking the Van der Waals attraction, dispersing single tubes
and small bundles within the solvent. The presence of polymers or surfactant makes it possible to

wrap or surround CNT with their molecules.

There are two types of sonication system. Figure 1-3 (a) shows direct sonication, so the waves are

generated in a sample through a probe immersed directly into the solution. The power is delivered

24



into the solution without any physical barriers and gives a higher effective energy output into the

dispersion as shown in Figure 1-3 (a).

The second method uses indirect sonication. The sample container is immersed in a water bath
through which ultrasonic waves are propagated. This second type system (NanoRuptor, Diagenode
SA) was used in this study (Figure 1-3 (b)). There are advantages both systems related to the
amount of energy, time, and direct contact of ultrasonic tip with dispersion. However, it has been
suggested that indirect sonication helps to avoid making modifications and reduces the damage
which is observed with direct sonication. Studies by Matarredona, Moor and Islam [13-15] have
shown that, sonication time was a parameter determining quality of CNT dispersion, and an
enhancement of the CNT suspension can be achieved by using a longer time of sonication
procedure. However, in other studies, Yang and Hilding [16,17] observed that dispersion of CNTs
mostly depended on sonication energy rather than sonication time.

a
(a) (b)
Resonance chip
CNTs sample
Water
z; < Ultrasonicwave —— 7
> s Generating element
/ 3

Figure 1-3 Ultrasonication system, (a) direct sonication (b) indirect sonication.

Although sonication allows dispersal of CNTSs in various solvents, it is difficult to control the size
of CNT bundles in the resulting dispersion. Therefore subsequent centrifugation and filtration is

widely used to eliminate large CNT bundles and impurities remaining in solution [18].

SWNTs can be separated by using density differentiation via ultracentrifugation (DGU) as a
function of diameter, which was demonstrated for the first time by Arnold and co-workers [18].
This technique depends on differences in response of various densities of material to centripetal
force. The result of DGU on SWNTSs in solution is a gradient separated by range of diameters.
After centrifugation, SWNTs dispersions are separated layer by layer and each layer can be

recognized visibly. For further separation of individual SWNT the intensity of ultracentrifugation
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can be increased [19], by increasing the number of revolutions per minute of rotor (rpm). Figure 1-
4 shows samples with different revolution per minute which are started from low to high rpm.
Sorting also depends on direction of DGU so it can be repeated multiple times to improve the
sorting process. Ultracentrifugation with (Beckman Coulter Optima Max-XP, MLS 50 rotor) was
used in this study to separate SWNTs with high quality results.

Or.p.m

Figure 1-4 Ultracentrifugation holders.

1.4 Functionalizaion of carbon nanotubes

CNTs tend to form bundles or aggregates due to their relatively high surface energy [20]. Bundles
of SWNTs as grown typically consist of mixtures of metallic and semiconducting nanotubes. Pure
SWNTs, like graphene are strongly hydrophobic [21-24] and this is why pristine SWNTSs cannot
be dissolved in water directly and require additional surface modification (covalent or non-
covalent functionalization) in order to disperse them in agueous solutions or organic solvents
[25,26].

Covalent functionalization modifies the structure of CNTs by chemical interactions. The
advantage of covalent functionalization is the possibility of making the tube ends open, and
increasing the solubility of these tubes [27]. However, the disadvantage of covalent
functionalization is modification of the original structure of CNTs through introducing defects
which may strongly affect the physical and electronic property of CNTs [26]. In order to utilise the
advanced physical and chemical properties for applications in optoelectronics, researchers need to

choose treatments, which will not affect the surface of SWNTs. The solution for this is non-
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covalent functionalization of SWNTs by chemical interaction with molecules of surfactants or

wrapping polymers. The following sections describe those methods.

1.4.1 Surface functionalizaion of carbon nanotube in water

SWNT dispersions in aqueous media have been produced using ionic and nonionic surfactants
[28]. Surfactants are chemical substances that tend to lower to the surface tension of liquids they
are dissolved in. A surfactant molecule consists of two parts: a tail formed by hydrophobic groups
and head part formed by hydrophilic groups. Depending on hydrophilic head polarity, surfactants
can be classified as non-ionic, anionic, cationic, and amphoteric [29]. Variation of chemical
structures of surfactants can result in formation of different types of aggregates such as spherical

or cylindrical micelles or bilayers in water.

Introductions between CNTs and surfactants change the buoyant density by encapsulation of the
CNTs (Figure 1-5) depending on tube diameter. The advantages of using surfactants are that
nanotubes can disperse at high concentrations, surfactants are cheap and easy to use; and highly
stable in water. Importantly, CNT electronic properties are mostly unmodified with surfactants
[30].

Since Smalley and colleagues [11] demonstrated the sodium dodecyl sulphate (SDS) as an
effective dispersion agent for solubility of SWNTs, many researchers have used a variety of
anionic surfactants for dispersion of nanotubes in aqueous systems. Additionally, Smalley’s group
demonstrated strong absorption and PL of SWNTs in water with narrow spectral bands
corresponding to absorption and emission from single SWNT chiralities [11]. Later and Islam [15]
showed that sodium dodecylbenzene sulfonate (SDBS) was even more efficient than SDS. By
studying the morphology of the surfactant on CNT surface using atomic force microscopy (AFM),
Islam and co-authors showed that SDBS efficiency is caused by the presence of hydrophobic alkyl
interaction and m—= interaction between SDBS and SWNTs [15]. Importantly, this technique has

increased the resolution of the SWNT band in the absorption spectra [14].

Arnold et al. [18] have reported a comparison between two different surfactants, SDS and SDBS
with bile salt as sodium cholate (SC), which interact well with the SWNT surface. They
demonstrated that SWNTs can be separated by means of tube diameter or by metallic or
semiconductor type via density gradient ultracentrifugation (DGU). After centrifugation, SWNTs

can be recognized optically in separated layers.
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One of the advantages of centrifugation is that it can be repeated multiple times to improve the
sorting process. For more separation of individual tubes of SWNTs the number of cycles of
ultracentrifugation can be increased [18]. However, the resulting quantity of SWNTSs produced is

still very small and this prevents wide applications of SWNTSs.

Finally, dispersion of CNTs in water has potential for use in biomedical applications and
biophysical processing. However, many bio-applications of SWNTs require surfactant to be
removed after the dispersion processes because of toxicity issues.

SDS Hydrophilic head

Hydrophobic tail

Figure 1-5 Schematic for surfactant (SDS) encapsulation of CNTs.

Polymers, such as polyvinylpyrrolidone (PVP), have been found to act as surfactant for CNTs
dispersion in aqueous solution, As it shown in Figure 1-6, polymers wrap around CNTs, and these

can remain homogeneous and stable in solution without any precipitation for a long time [31].

For the first time, Zhang et al. [32] discovered an ability of DNA molecules to disperse and
separate SWNTs. DNA wrapping of nanotube sidewalls is attributed to the n-n interaction between
aromatic bases of DNA and SWNTSs. This process is promising for applications of CNT in the
field of biotechnology [32].
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In the research repeated here, the effects of both anionic (such as SDS, SDBS, deoxycholic acid
(DOC) taurodeoxycholic acid (TDOC)) and non-ionic surfactants, such as Triton X-100 and PVP
polymers were explored dispersing of SWNTSs in water.

Figure 1-6 Schematic for wrapping polymers or DNA around the CNTSs.

1.4.2 Surface functionalizaion of CNTs in organic solvents

The surface functionalization of SWNTSs in organic solvents has attracted large attention these
days, because some organic solvents can disperse significant amounts of CNTs without any
modification of their surface and achieve stable dispersions. This opens up many attractive
applications in polymer nano-composites, nano-fibres and electronic applications. Bahr et al. used
different solvents and different concentrations at room temperature for solubility of the SWNT
materials and argued that a type of solvent could have an effect on the dispersion of SWNTSs by
chemical derivatization. Those results proved that a range of common highly polar solvents such
as dimethlformamide (DMF), and NMP are suitable for dispersion of SWNTSs [33].

Later, Giordani et al. [22] demonstrated that SWNTSs even can be thermodynamically de-bundled
at small concentration to achieve isolated SWNTs in NMP solvents. Furthermore, solubilisation of

SWNTSs is useful for their chemical derivatizaton and demonstration of their photo-physical
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properties. To confirm the presence of individual nanotubes in N-methylpyrrolidinone the
photoluminescence spectroscopy was used, showing that photoluminescence intensity of the bands
with diameters distributions of single walled carbon nanotubes within the solvent and with
concentration of the SWNTSs [22]. These results are in good agreement with the results of Bahr and
co-workers [33].

Later, Hasan and colleagues used PVP for the isolation of single walled nanotubes SWNTSs in
NMP [34]. They used ultrasonic treatment and then vacuum filtration by glass fibre filters to
achieve the initial SWNTSs dispersion. PVP was used to stabilize single walled nanotubes SWNTs
in a liquid environment. The results show significant enhancement of dispersion stability over long
periods of time, and high quality optical and electronic properties of the dispersion. They argued
that addition of PV/P is the major factor in debundling small aggregates of SWNTSs, which lead to a
drastic increase in intensity of SWNTs photoluminescence (PL). Furthermore, there is less or no
effect of nonionic surfactants on stabilization of dispersed SWNTs in NMP. However, the amount
of nanotubes dispersed in NMP with a non-ionic surfactant is higher than for SWNTSs dispersed in

pure NMP but the dispersion is not stable over a period of time [34].

There are several challenges in the development and application of SWNTs for photonic
applications, which were a focus of this study

e SWNTs dispersion must be stable over a long period time;

e the possibility of SWNTSs bundle engineering is necessary in order to enhance the optical
properties of SWNTSs

o the creation of novel macromolecular complexes with SWNTSs in order to enhanced optical
properties

o novel laser applications with SWNTSs saturable absorbers.

1.5 Characterisation methods

Absorption spectroscopy, PL spectroscopy, and micro Raman spectroscopy have been used for
recognition and characterisation of SWNT. Each individual SWNT shows chirality and small
SWNT bundles possess a range of the unique optical properties. The following sections will give a

brief overview of characterisation methods used in this research.
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1.5.1 Absorption spectroscopy

Since the first demonstration by Kataura and co-authors [4], absorption spectroscopy has been
widely used as a tool to identify the presence of isolated SWNTs or SWNT bundles within liquid
dispersion or composites. In the simplest case, light transmission through the sample leads to
oscillations of electrons under the field of the electro-magnetic wave and attended by reducing of
energy of that wave. The process is the absorption of energy of the electromagnetic wave. Part of
the absorbed energy is re-emitted as secondary waves generated by oscillating electrons or is
transformed into other forms of energy.

An absorption spectrum presents the intensity of absorbed energy by the sample as a function of
frequency or wavelength. In general molecules can absorb light in all optical ranges from
ultraviolet to far infrared. The absorbance is directly proportional to the light path length and the
concentration of absorbing molecules. The ratio between the intensity of incident light (I) passing
through the medium to the intensity of light after passing through the medium (lo) is given as

percent transmittance (%T), absorbance (A) is given by the equation:

A =logqo1/lo (3)
Transmittance, T=1/ 1o

% Transmittance, %T =100 T

The absorbance is used to determine the concentration by using the Beer Lambert law:
A=acl 4)

Where «a is the absorption coefficient, ¢ is concentration and L the optical path length through the

medium.

Figure 1-7 shows a schematic diagram of a double beam spectrophotometer. The light sources are
a tungsten, and deuterium lamps to cover the range from ultraviolet through visible light to mid-
infrared. A double monochromator and triple detector system (PMT, InGaAs, and PbS) give a
capability for testing across the entire range from 175 nm to 3300 nm. The double beam
configuration allows to measure both a sample and a reference sample same time, excluding the
contribution of polymer matrix, solvent, or glass/silica substrate on the absorption/transmission
properties of analysed substance. By controlling the acquisition time and spectrometer’s slits, the

highly sensitive spectra with high resolution can be measured with the system.
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Figure 1-7 Schematic diagram of double-beam spectrophotometer.

Optical absorption spectra of SWNTs in this research were measured using a Perkin Elmer
Lambda 1050 UV-NIR spectrometer.

1.5.2 Photoluminescence spectroscopy

Photoluminescence spectroscopy characterizes the phenomenon of spontaneous light emission
from gas, liquid or solid matter after electronic absorption of photons (light). Depending on the
timing of the emission, the process can be defined as fluorescence (10° - 107 s) or
phosphorescence (10 - 10° s). Fluorescence stops almost immediately after excitation finishes,
while phosphorescence continues for up to 10° s after termination of electronic excitation
(absorption of light). Vibration relaxation occurs when the excited state returns to the electronic
ground state. The excess of vibrational energy is transferred to the surrounding matter through

collision with other molecules or thermalization of large molecules, as described in Figure 1-8.
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Figure 1-8 Physical processes following absorption of a photon by a molecule.

A schematic of the principles of the Horiba Nano Log excitation—emission spectrofluorometer,
which was used in our work, is given in Figure 1-9. This spectrometer is equipped with a light
source, a double monochromator for excitation of light, a sample compartment, emission
monochromator, (photo multiplier tube) PMT detector and the nitrogen cooled InGaAs array
detector. This system allows acquisition of photoluminescence exaction-emission maps, which

will be discussed in section 1-6-3.

A\

Light
Source

—>

Excitation

Monochromator

A Excitaion

W=

Emission
Menochromator

:

Detector

uojpssjug Y

Figure 1-9 Schematic diagram of the principle of PL spectroscopy.
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1.5.3 Raman spectroscopy

Raman spectroscopy is atechnique used for investigating of vibrational and rotational energy
levels of molecules. It is based on the theory of inelastic scattering of light by matter. Figure 1-10
shows a diagram of a Raman spectroscopy system. The experimental technique regimes three
stages: a laser-light source, a monochromator coupled with a detector such as charge-coupled
devices (CCDs) or other forms of array detector and optical microscopy. The sample is exposed to
illumination with monochromatic light, a spectrometer is used to examine light scattered by the

sample.
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Figure 1-10 Schematic diagram of a Raman spectrometer.

Raman spectroscopy is the best non-destructive method for characterisation of the carbon nano-
materials, because it allows to respect their diameters and quality of the samples properties [38].

1.6 CNT for photonics

The strong optical properties of SWNTs offer a huge promise for various applications [12].
Applications such as optical sensors and bio- imaging could be based on photoluminescence and
Raman phenomena and ultra-fast optical switches could be based on the nonlinear optical effects.
Importantly, SWNT-based photonic devices could be developed in the spectral range of 1000-2000
nm, which completely cover the telecommunications window (1300 — 1600 nm), the therapeutic

window (800 -1300 nm) and a range of absorption of many gas molecules (around 1600 nm and
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2000 nm) which could lead to many applications in telecommunications and healthcare. In the

following section optical and nonlinear optical properties of SWNTSs are reviewed.

1.6.1 Optical absorption spectroscopy

Since the first observation of optical absorption from SWNTs by H. Kataura and co-workers [6],
the method has attracted considerable attention from researchers due to the simplicity of
preparation of samples and of analysis or results. Generally, SWNTSs show strong absorption in the
ultraviolet through visible to near infrared spectra region. Three groups of transitions are seen,
referred to as Ej; or Sy; the lowest allowing transition of semiconducting SWNTS, E,, or Sy, the
second allowing transition of semiconducting SWNTs, and My the peak corresponding to metallic
SWNTs [11]. The spectral positions of the absorption bands are depicted in Figure 1-11 and the

corresponding transitions of semiconducting SWNTSs will show in section 1.6.3.

Typically the absorption bands corresponding to both semiconducting and metallic SWNTSs are
broadened due to a presence of ensemble of SWNTSs with different (n,m) chiralties. Thus, the peak
position and its width can provide the information on CNT diameter distribution within the
sample. The absorption band intensity will give of relative information about the concentration of
CNTs with a specific diameter. The ratio of intensities of Si; to My; bands will approximate the
ratio of metallic and semiconducting carbon nanotubes [35]. Finally, the broadening of absorption
bands and their shift will give information on bundling and interaction with other materials such as
polymers and surfactants. The important point regarding optical applications of SWNTSs is that
absorption of SWNTSs totally covers the telecommunications window 1300 — 1600 nm [36] (Figure
1-11), and a number of applications have already been demonstrated with SWNTs coupled with

fibre optics systems [12,37].
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Figure 1-11 Absorption spectrums for SWNTs in telecommunications range.

1.6.2 Raman spectroscopy for photonics

Raman spectroscopy is a powerful and non-destructive technique when applied for detection and
characterisation of isolated nanotubes and in bulk samples [38]. It is an essential tool for the
identification of the diameter and chirality of individual and bundled SWNTSs and is typically used
at room temperature and at ambient pressure. Figure 1-12 shows typical Raman spectra for
semiconducting SWNTs which consist of 4 major bands: radial breathing mode (RBM), D-band,
G-band and G’, which are explained as follows.

RBM is a symmetric vibrational mode caused by vibration of C atoms in a radial direction in
respect to the SWNT axis. The position of RBM peaks is directly related to the diameter of
SWNTs and can be resonantly enhanced at specific laser wavelengths. Furthermore RBM is a
unique phonon mode for SWNTSs, and therefore it is very useful for determination of the presence
of SWNTs within the sample. The diameter of the tube d is shown through the frequency 9ggy, Of
the peak as:

Urpm = A/d +B ®)

Where, A and B are coefficients, with values strongly dependent on the way SWNTSs examined: on
the silica dioxide substrate, freestanding powder and in liquid solution [2]. The D-band a feature

observed between 1300 and 1400 cm™ in Raman spectra is assigned to disordered graphitic

36



materials and usually connected with the presence of defects (impurities or missing atoms) in

CNTs, or molecules linked to CNT side-walls.

The G-band is a group of peaks in the approximate range 1580-1605 cm™. In case of graphite, the
G-band exhibits a single peak at 1582 cm*, related to tangential mode vibrations of the C atoms.
The shape of the G-band differs for metallic and semiconducting tubes. Also the shift of the

position of the G-band can be used for interpretation of energy transfer in SWNTSs composites.

The G'-band is the frequency of the second order overtone of the defect-induced D-band at around
2600 cm*. Recently, the G'-band has become very important for characterisation of single and

multi-layered graphene.
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Figure 1-12 Raman spectra for metallic and semiconducting SWNTS.

1.6.3 Photoluminescence spectroscopy of SWNTSs

Photoluminescence (PL) has been found useful as on optical technique to investigate the properties
of single walled carbon nanotubes SWNTSs, because the electronic and optical properties of

nanotubes are directly related to the structure of the tubes. That means absorption and emission
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energies are directly related to nanotube diameter and chirality. Initially, a simple model for PL
was proposed as it shown in Figure 1-13 [11]. The photons were absorbed in Ey, transitions as
shown with an upward-pointing arrow. After fast non-radiative relaxation from E,, toE;;, the
fluorescence emission appears from Ey; energy levels as shown with a downward-pointing arrow
in Figure 1-13 [11].

In the first demonstration of SWNTs PL by O’Connell et al [39], the SWNTs PL was observed in
the near-IR spectral range, which is important for bio-imaging and telecommunications
applications. Those researchers succeeded in isolating single SWNTSs or small SWNT bundles with
a surfactant in aqueous solution. Bachilo et al [11] reported fluorescence intensity versus
excitation and emission wavelengths for SWNTs which it is suspended in air. They found that the
optical transition was related to the diameter and structure of semiconducting-SWNTSs. Figure 1-14
shows a PL excitation map for a sample of SWNTSs suspended in SDS and deuterium oxide. The
bright spots correspond to specific chiralities of SWNTSs, and the high intensities PL is shown in

red, and low intensities in blue [11].

Their initial conclusion was that PL is quenched by aggregation of the tubes, because the large
bundles comprises a metallic SWNT adjacent to a semiconducting tube, causing the efficient
guenching of PL [39]. In 2005 the exciton of PL in SWNTSs was revealed by using two-photon PL
excitation spectroscopy [40] and the exciton of PL in SWNTs is now commonly accepted in
nanotubes photonics [2].

E”
absorplion’

2 4 8 8 10
Density of Electronic States

Figure 1-13 Single nanotube structure of density electronic states. [11] Reprinted with permission from AAAS
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Moreover, the work of Tan and colleagues investigated excitation energy transfer processes in
SWNTs bundles. Importantly, SWNT bundles remain in the water dispersion even after strong
ultracentrifugation of the solution. The spectra of absorption and emission broadened, and PL peak
intensities reduced, with the ageing of SWNTs solutions. However, new PL features appear on the
PL map, which do not coincides with the PL features of known chiralities. Investigations of PL
excitation in nanotube bundles show that, there is an exciton energy transfer (EET) between
neighbouring semiconducting tubes. The efficiency of EET depends on the SWNT bundle size,
and can be observed from optical absorption and emission spectra. The EET appears when a
SWNT with a large band gap act as a donor and an adjacent SWNT with smaller diameter acts as
an acceptor for electronic excitation. The PL Spectra have resonant features corresponding to
different (n,m) chrialities of individual semiconducting SWNTSs or to resonant excitation transfer
in SWNTs bundles [41].
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Figure 1-14 Plot of fluorescence intensity. [11] Reprinted with permission from AAAS

Additionally, PL indicates a dielectric screening of the SWNT surface by the surrounding media
[42].

There are a number of uncertainties remaining around PL from SWNTs. How can the quantum
yield of PL be enhanced; how can EET within the solution be controlled; what contribution
SWNTs defects play in PL processes; and how to build the efficient molecular complexes with
SWNTs having the enhanced PL. These challenges are addressed in chapters 2 and 3.
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1.7 Photonic applications of carbon nanotubes

One dimension (1D) and the single atomic layer structure cause the unique optical properties of
SWNTSs, which is sensitive to their environment and external surface effects. Since 2002, when PL
[39] and sub-picosecond non-radiative recombination dynamics [43,44] from SWNTs were
demonstrated, this field has attracted the attention of many research groups world-wide without
any signs of saturation [12]. Moreover, graphene application for photonics have been a logical
spin-out from nanotube photonics [45].

The SWNTSs in suspensions or polymer composites have been used as Saturable Absorbers (SA)
for the near-infrared spectral range. Importantly, SWNTSs possess ultrafast relaxation and as result
it is possible to realise an ultrafast optical switch and loss modulator on this SWNTSs - bases. In the

simplest case, the saturable absorption behaviour can be described as follows [46]:

a
° +a

1+ %S ®

a(l) = (6)

Where a(l) and oo is dependent on light intensity | and on linear absorption coefficient

respectively, s saturation intensity and s is nonsaturable absorption component.

In this case, laser light is absorbed by SWNTs with a band gap, which resonantly matches the
energy of the laser light. As a result of the initial carrier excitation, absorption can saturate and
SWNTs remain transparent. Moreover, SWNTs show ultrafast absorption recovery time due to
CNT intrinsic electronic properties [36]. Thus, the new absorption and recovery cycle will begin in
a picosecond time scale. Additionally, the saturable absorber properties of SWNTs can be
significantly enhanced by selection of tubes with proper diameter and by bundle engineering of
SWNTSs. Saturable absorption in the near IR range (1000 - 2000 nm) can be achieved by selection
of tubes with diameter between 0.8 to 1.4 nm [7,12].

Based on these SWNTSs properties, saturable absorbers have been used in ultrafast photonics as
mode-lockers to generate ultra-short laser pulses and as switching devices in fibre optic
telecommunications systems. Fibre, solid-state, and semiconductor lasers have been successfully
mode-locked by SWNT saturable absorbers since initial demonstration in 2003. SWNT-based
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mode lockers usually appear in 3 different types: SWNT dispersions [46], SWNT polymer
composites [36] and grown SWNTs forests [47].

In addition SWNTs SA has been used for Amplified Spontaneous Noise suppression [7]. Usually,
semiconductor-saturable absorbing mirrors (SESAMS) are used as a mode locker in diode pumped
solid state laser systems [48]. The advantages of CNTs as saturable absorbers are first, these are
simple and cheap, and second, easer to fabricate and integrate into optical fibres for
communication systems than SESAM. Additionally, CNTs may have a number of applications in
photonics including nanometre-scale light sources, photodetectors and photovoltaic devices [49].

Finally, SWNTs can be used in near infrared fluorescent imaging due to deep tissue penetration
through reduced scattering of photon in the near infrared region (700 — 900 nm) [50]. SWNT bio-
imaging probes have even higher sensitivity with Raman imaging. Moreover, SWNTSs can be used
in other imaging techniques such as Photoacoustic (PA) imaging, Magnetic resonance (MR)
imaging and nuclear imaging. The use of SWNTs as on imaging probe with multiple
functionalities could make it of great importance in biomedical imaging [52].
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Chapter 2




2. SWNTs Bundles Engineering

Liquid dispersions of carbon nanomaterials (CNM), and in particular, CNTs are currently a subject
of intensive research due to their wide areas of application. Single walled carbon nanotubes
(SWNTSs) have many interesting and versatile physical properties. Aqueous dispersions of SWNTSs
are important for many applications in photonics, biological and environmental sensing, drug
delivery, and bioimaging [53]. The aim in this study is to prepare and develop SWNTSs in organic
solvent, because such solutions offer key advantages such as photoluminescence for fluorescence
imaging [50], sensors and biosensors [54]. However, PL is quenched by the presence of metallic
SWNTs and increases for isolated tubes and small bundle sizes [39]. Furthermore, organic
solutions are starting points for preparation of CNT-based of composites with promise for
applications such as conductive polymers, reinforcement composites, and composites with
electrical conductivity, on photonic or thermal properties. Subsequently, SWNTs solution and
composite are thus suitable for photonic applications as saturable absorbers in passively mode-
locked lasers [12] noise suppression filters in telecom systems. Ultrafast absorption recovery has
been shown in SWNTSs in time range 10 to 100 ps in isolated SWNTSs and less than 1 ps in SWNT
bundles [7]. Thus, bundle engineering of SWNTSs is very important in ultrafast photonics [12] and
bio-imaging applications [55,56] due to the advantages of controlling the recovery time with
extraordinary promise to use as a saturable absorber in mode locked fibre and solid state lasers,

and in biomedical application with time resolved luminescence characterisation.

2.1  Study of liquid dispersion of SWNTs in NMP

The following is a comprehensive study of liquid dispersions of SWNTs (SWeNt CG100)) in
organic solvent N-methyl-2-pryrrolidone (NMP). NMP has been demonstrated as an efficient
organic solvent for dispersion of single wall carbon nanotubes (SWNT) [57] and the aim of this
experiment was to made stable dispersion of pristine CNTs. However, CNT-NMP dispersion
contains mixtures of metallic and semiconducting CNTs with a wide range of diameter
distributions. Thus, to efficiently exploit the properties of certain CNT chirality, the mixture must
be separated to isolate the correct chiral compound. Importantly, Giaordani and co-authors [22]
achieved a thermodynamically stable dispersion of SWNTs in NMP solvent by “de-bundling” of
SWNTs in pure NMP at a concentration below 0.02 mg/ml [22]. Therefore, a stable dispersion can
be achieved in low concentration dispersion to minimize the van der Waals interactions. This

limited concentration ratio is a disadvantage for this method.
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2.1.1 Experimental methods and Preparation

Purified single wall CNTs (SWeNt CG100) were used as pristine materials in this experiment.
CNTs dispersed in NMP at two different concentrations 0.01 mg /ml and 0.0165 mg/ml by
ultrasonication for 1 h at 21 kHz and 250 W. Then the dispersion was subjected to
ultracentrifugation for 2 h 30 min at 47 000 rpm at 17 °C.

2.1.2 Results and Discussion

NMP has a high potential to solubilize SWNTs and graphene individually in organic solutions
[58,59]. SWNT-NMP solutions show strong optical properties, and the distribution of the
diameters of SWNTSs included in the SWNT-NMP solution can be measured by optical absorption
spectra. Figure 2-1 shows semiconducting SWNTs with diameters 0.7-1.3 nm and the absorption
features around 950-1400 nm correspond to the S;; excitonic transitions of the chrialities
(6,5),(7,5),(7,6), (8,6), (8,7) and (9,7) while the isolate tube and features around 550-750 nm
correspond to the S,, excitonic transitions. The metallic SWNTSs can be found in My; which has

exciton transition around 400-550 nm.

Furthermore, the optical spectra contained SWNTs having (6,5), (7,5), and (7,6) indices, each
chirality corresponding to a given SWNT species with a specific diameter. As shown in the Figure
2-1, comparing the optical absorption spectra of the SWNT-NMP dispersion using two different
concentrations, considerably different absorption spectra are obtained depending on concentrations
of SWNTSs in the solution and there is an immediate effect of high concentration on the optical
absorption. The spectrum for both samples still show strong absorption at 1000-1300 nm, which is
due to the presence of SWNTSs with diameter distribution 0.7-1.3 nm [4]. The absorption spectra
have the NMP solvent background subtracted
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Figure 2-1 Absorption spectra of SWNT-NMP dispersion at different concentrations, with excitonic transitions
highlighted (M1, S;; and Sy,).

Figure 2-2 shows a typical PLE map of individually isolated semiconducting or small bundle
SWNTSs in dispersion. Several peaks can be clearly seen. The major PL peaks is seen at around
400-800 nm excitation and 950 — 1350 nm emission range. This range covers most of (CoMoCAT
100) SWNTs, which was used as the material for preparation of SWNTs solution in this
experiment. Also the PL shows the chiralities present in the sample solution such as (6,5), (7,
5),(8,4), (7,3), (8,3) and (7, 6). The peaks intensities are plotted as a function of emission and

excitation energies.

Additionally, PL gives information whether the tubes in solution are isolated or bundled [41] and
indicates a dielectric screening of the SWNT surface by surrounded media [42]. The PL emission
in this spectral range is due to the presence of isolated semiconducting SWNTs of different
chiralities or from small SWNT bundles. The PL map of pure CNTs—NMP solution shows strong
and high photoluminescence (PL) signal intensities. In addition, the sample with high
concentration of SWNTSs shows high PL intensity for isolated tubes and small bundle.
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Figure 2-2 Photoluminescence map of the SWNT-NMP solution.

The PL intensity measurements for the stability study are taken at 570 nm excitation. Figure 2-3
shows the intensities of the bands indicating the presence of SWNTs predominantly including
(6,5), (7,5), (8,4) and small bundles (8,7) and (9,7). The peak for individual tubes is narrow
whereas those for small bundles are broad. Comparison between intensity of the peaks for isolated
tubes (6,5) at different SWNTs concentrations indicates that the sample with high SWNT
concentration emits at higher intensity than the sample with low SWNT concentration.
Furthermore, there is no difference between the peaks intensities for small bundle.
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Figure 2-3 PL spectra of the SWNTSs dispersion at 0.0165 mg/ml and 0.01 mg/ml concentrations at excitation
wavelength 570 nm.
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2.2 CNT-NMP-PVP

To prepare stable dispersions of SWNTs with different concentration ratio in NMP it was
necessary to add additional agents. Polymers can efficiently be used as dispersing agents for
SWNTSs in both aqueous [60] and non-aqueous media [61]. In this study SWNTs-NMP dispersion
with addition PVP polymer was achieved at low and high concentrations. The result shows that PL
intensity increased comparable with the pure SWNTs-NMP at same concentration. Moreover,
PVP polymer makes SWNT-NMP solutions more stable without any visible aggregation and
homogeneous dispersion is maintained for a long time [34].

The purpose of this dispersion is for use as a stable solution which will subsequently be mixed
with sodium iodide, which will be discussed in section 2-4.

2.2.1 Experimental methods and Preparation

Two samples were prepared at the same initial concentration of CNT-NMP (0.014 mg/ml), and
then two different quantities of PVP, 6 mg and 33 mg respectively which was added to each
sample before ultrasonic treatment. Both samples were sonicated for 1 h at 21 kHz and 250 W.
After the ultrasonic treatment, the samples were subjected to ultracentrifugation for 2 h 30 min at
47 000 rpm at 17 °C .

2.2.2 Results and Discussion

The presence of isolated SWNTs or small bundles were determined by PL mapping. Figure 2-4
shows maps of the SWNTSs dispersed by PVP polymer in NMP solvent, fig 2-4 (a) PL shows map
for the sample with low concentration of PVP (6 mg), and Figure 2-4 (b) is shows the PL map for
the sample with high concentration of PVP (33 mg). There is a small difference in the PL
intensities in the (a) and (b) maps, even through the initial SWNTSs concentrations are the same in
both of them. It is difficult to control the finial concentration of SWNTSs in the dispersion, due to
the centrifugation process [18]. PVP polymer is thought to wrap around the SWNTs [34], and
increases is the concentration of PVP polymer is thought to favour single SWNTs over bundles,
due to the wrapping of polymer around tubes make to keep the surface of the tube more isolated
with the surface of other tubes, and this assist to do not de-bundle again. For this reason the PL

intensity in the Figure 2-4 (b) is higher than the PL intensity in the Figure (a), and there is more
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isolated tubes in the solution. Furthermore, the solution with PVP polymer is more stable than

SWNT dispersion in pure NMP.
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Figure 2-4 PL maps for SWNTs-NMP (a) with 6mg of PVP, (b) with 33mg of PVP.

Figure 2-5 shows representative absorption spectra for SWNT dispersions with 6 mg and 33 mg
PVP in NMP. No affects of PVP concentration were observed on absorbance for both of them.
Furthermore the distributions of diameters of SWNTs are the same (profile or position). The
concentration of SWNT in solution for both samples were the same, and this is supporting the
explanation above which is the solution with 33mg of PVVP contains more isolated tubes.
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Figure 2-5 Optical absorption spectra of SWNTSs dispersion in NMP with addition of PVP at 6 mg and 33 mg.
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2.3 CNT-NMP-Nal (salt)

Sodium Sodium iodide (Nal) is a crystalline salt with white colour. It is soluble in NMP up to
0.2M [62,68]. We studied Nal effects on CNT-NMP dispersions. The reason for choosing NMP
were, first, NMP is a highly polar solvent and secondly, Nal salt has good solubility in NMP.
Therefore, the NMP molecules strongly interact with the dissolved ions due to the electrostatic
charge-dipole interactions. The molecular-scale mechanisms of ion interactions with the nanotube
surface were investigated and it was shown that the microscopic ion—surface interactions affect
stability of CNT dispersions in NMP. Finally, a possibility for controlling the size of the SWNT

bundles in NMP solution was demonstrated by the addition of Nal salt at different concentrations.

2.3.1 Experimental methods and Preparation

We dispersed CNTs in NMP at a concentration of 0.013 mg/ml with the same process as in the
section 2-3-1, sonication treatment and ultrcentrifugation. The resulting CNT dispersion was
divided into 4 samples which were numbered 0, 1, 2, and 3 correspondingly. Sample 0 was used as
a control sample, without salt. Different amounts of Nal were added to the other 3 samples to
achieve different molar concentrations of salts in the samples: sample 1 with 0.06 mM of Nal;
sample 2 with 0.11 mM of Nal; sample 3 with 0.17 mM of Nal. Addition of salts caused an
immediate formation of bundles, which we removed after storing the samples for 24 h by 1 h

ultracentrifugation at 47 000 rpm.

2.3.2 Results and Discussion

The changes in the CNT dispersions in response to addition of different amounts of salt were
investigated by using photoluminescence (PL) spectroscopy and optical absorption spectroscopy
as well as by visual inspection of the samples. Addition of salt into the CNT-NMP dispersions
results in sedimentation of CNTs. The nanotubes self-assemble into bundles, which later form
CNT aggregates in the samples that are visible to the naked eye. This effect occurs for all salt
concentrations in this study, as illustrated in Figure 2-6 (a). Figure 2-6 (a) shows photographs of
four samples, the first one on the left for control sample 0, pure CNT-NMP dispersion, and it is
visibly clear. In the three other samples of CNT-NMP dispersion with added different salt

concentrations, the samples start to aggregate after adding salt, with different ratio of aggregate
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corresponding with increase in the salt concentration. The size of aggregation in sample 3 is more
than in sample 2, and sample 1 with a low concentration of salt (0.06 mM) is less aggregated in

comparison samples 2 and 3.

Figure 2-6 (b) shows the photoluminescence (PL) map of the control CNT-NMP dispersion
sample (no salt), and shows the presence of SWNTSs of different chiralities as mentioned before in

section 2-1-2, Figure 2-2.

b) Sample 0 before centrifugation
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Figure 2-6 (a) Photographs of the samples containing the CNT-NMP dispersions with different amounts of added
salts, sample 1 (0.06 mM), sample 2 (0.11 mM) and sample 3 (0.17 mM ) respectively, (b) PL map of the control
sample [63].

PL intensities and optical absorbance of CNTs were investigated after centrifugation of the
dispersions. Figure 2-7 (a) shows a PL map of the CNT-NMP dispersion sample at 0.17 mM
concentration of Nal salt after centrifugation (sample 3). The map shows that isolated CNTs and
small CNT bundles remain in the dispersion. However, the overall PL intensity decreased
significantly in sample 3 with 0.17 mM sodium iodide compared to the control sample both before
(Figure 2-6 (b)) and after centrifugation (Figure 2-7 (b)). The map of sample 3 is very similar to
the PL map of the control sample before centrifugation showing only a minor decrease in the

overall intensity as compared to the PL map of sample 0 before centrifugation (Figure 2-6 (b)).

50



c) Sample 3 after centrifugation  d) Sample 0 after centrifugation

800 10000 800 16000
9000 14250
£ 8000 g 12500
< 7000 e 10750
G 800 6000 0 9000
- =
g 5000 L 7250
E 4000 g 5500
W 499 3000 u 3750
2000 2000
1000 1250 1500 1000 1250 1500
Emission, nm Emission, nm

Figure 2-7 Samples after ultracentrifugation (a) PL map of sample 3 with 0.17 mM salt addition , (b) map of the
control sample (sample 0) after centrifugation [63].

The decrease in PL intensity and optical absorbance correlates with the salt concentration in the
samples, as illustrated in Figure 2-8 (a). The Figure shows that larger concentrations of salt cause a
larger decrease in the intensity. These changes in spectral intensities were attributed to a
significant decrease in concentration of isolated nanotubes and small CNT bundles in these
dispersions after centrifugation. PL intensity measurements for the stability study are taken at 570
nm excitation, showing that the addition of Nal salt stimulates CNT self-assembly into larger
bundles (see Figure 2-6 (a)). In contrast, centrifugation of the initial (control) dispersion makes a
much smaller effect on the PL intensity and optical absorbance of CNTSs, indicating a high stability
of the control dispersion. This serves as an additional confirmation that the observed self-assembly
of CNTs is stimulated by salt rather than by aging of the CNT dispersions. Figure 2-8 (b) shows
the absorbance spectra for the CNT-NMP dispersions and the dispersions with different salt
concentrations before and after an additional centrifugation. For Nal concentrations (0.06, 0.11
and 0.17 mM) and after addition centrifugation the spectra show the absorption intensities
decreased with increasing the salt concentrations. Moreover, in the case of the control sample (no
salt) the additional centrifugation almost does not affect. Similar to the PL plot, the addition of
salts leads to a corresponding decrease in the intensity of the spectra. The decrease in intensity
correlates with the increase of the salt concentration. The lines with symbols indicate spectra

measured before centrifugation.
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Figure 2-8 (a) Photoluminescence (PL) spectra at the excitation length 570 nm for different samples with and
without salts. (b) Absorbance spectra for the all samples before and after second centrifugation [63].

We assume that it is reasonable to extrapolate qualitative explanations of the effect from water to
NMP solutions. Indeed, similar to water, NMP is a highly polar solvent where the solvent
molecules strongly interact with dissolved ions due to the charge—dipole interactions and thus form
distinctive ion solvation shells [64]. Therefore, ions in the CNT-NMP dispersion tend to interact
mostly with the polar NMP molecules rather than with the CNTs non-polar surface. Hence it is
thought the ions in the vicinity of the CNT surface have fewer NMP molecules to interact with
compared to the ions in bulk solution, because of the satirical restraints caused by the surface.
When contacting the CNTs surface, ions undergo partial desolvation that should be energetically

unfavorable in a highly polar solvent like water or NMP [65].

2.3.3  Modelling

We assume that the concentration of nanotubes within the sample correlates with the intensity of
PL bands and optical absorbance for the corresponding nanotube chiralities. That allows us to
make quantitative analysis of the changes in the dispersions upon additions of salt. The
mechanisms of interactions between CNT species in organic solvents were investigated by
molecular dynamics (MD) simulations. We describe our findings on molecular mechanisms of ion
and NMP interactions with the CNT surface. We performed molecular dynamics (MD) simulations
of a single wall CNT with (8,6) and (6,5) chiralities dissolved in 0.15M Nal NMP solution to
reveal the basic molecular mechanisms of ion interactions with the carbon nanotube surfaces. Salt
concentrations higher than in the experiments were used to collect good simulation statistics at
reasonable computational cost (we were able to put many ion pairs into a relatively small
simulation box). However, to prove that the trends obtained for higher concentrations can be
extrapolated to lower salt concentrations, we also investigated a CNT with (8,6) chirality dissolved
in 0.01 M Nal solution in NMP. In simulations we could not explore concentrations lower than 10

mM, because this would require much larger simulation boxes that would lead to impractically
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large computational expenses. To reveal ion distribution at the CNT (8,6) surface at 0.01 M Nal
concentration we performed a series of 304 small simulations. We present only the computational
details for the systems with CNT (8,6) and CNT (6,5) dissolved in 0.15M Nal solutions. We used
the Gromacs 4.5 software.39 Segments of CNTs were placed in rectangular boxes (7.50 x 7.50 x
5.19 nm’) and (7.25 x 7.25 x 4.07 nm°) in the case of (8,6) and (6,5) CNT chiralities,
correspondingly. The CNTs were oriented along the Z axis. Then, 1600 (1200) NMP molecules,
27 (19) Na* ions and 27 (19) I ions were placed inside the box with the help of Packmol program
in the case of (CNT (8,6) CNT (6,5)) [66]. The initial configuration was first optimized by energy
minimization [67], and then the density of the system was equilibrated during a 0.2 ns simulation
in the NPT-ensemble. Then we performed simulations for 60 and 50 ns in the NVT-ensemble at
300 K for CNT (8,6) and CNT (6,5) correspondingly. Next, to enhance statistics and to estimate
the errors in the calculated preferential interaction coefficients and the free energy changes, we
performed 10 replica simulations for each CNT starting from different initial coordinates. The
initial configurations for the replica runs were collected by taking coordinates of the system each 3
ns and 5 ns from the initial simulations starting from 30 and 0 ns for the systems with CNT (8,6)
and CNT (6,5), respectively. Each replica was first simulated for 0.2 ns at elevated temperature
(450 K) and then annealed to 300 K during 0.1 ns of simulation time in the NVT ensemble. The
production simulation times for each replica were 15.9 and 20.7 ns for systems with CNT (8,6) and
CNT (6,5), respectively. Coordinates of the system were sampled each 0.3 ps (for the initial runs)
and 0.4 ps (for replica simulations) for further analysis. We employed the fully atomistic OPLS-
AA force field [68,69]. Which has been thoroughly tested for NMP and similar organic solvents in
refs. [70-72]. For sodium iodide, we used the recent set of ion arameters developed consistently
with the general framework of the OPLS force field [69]. We used the Particle-Mesh Ewald
method to evaluate the electrostatic interactions [73]. To analyze molecular mechanisms of ion
solvation in NMP, we performed an additional simulation of Nal solution in bulk NMP (without
the CNT) using similar simulation setup to the one described above.

The results of analysis of the simulation data on sodium iodide salt effects on CNT dispersions in

NMP are described in this section.

1- lon solvation in the bulk Nal NMP solution.

In our simulations we observe that ions dissolved in NMP have distinct solvation shells, as
expected, because NMP is a high polar solvent. Therefore, the NMP molecules strongly interact
with the dissolved ions due to the electrostatic charge-dipole interactions. Both of the ion—-NMP

radial distribution functions g(r) shows a peak (Figure 2-9).
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Figure 2-9 lon-NMP (center of mass) radial distribution functions, g(r), in Nal-NMP solution combined with
corresponding simulation snapshots: (A) sodium ion (shown as a blue sphere), B) iodide ion (shown as a magenta
sphere) [74].

Both of the ion—NMP radial distribution functions show a peak (at r = 0.42 and r = 0.55 nm for
Na“ and I, respectively) followed by a hollow (at r = 0.50 and r = 0.70 nm for Na" and I,
respectively), indicating formation of the first solvation shells around the ions.48 The boundaries
of the ion solvation shell were estimated as the region with non-zero ion — NMP radial distribution
function ending at the first distinct minimum on the corresponding function. The structures of the
solvation shells of the ions are different: the negatively charged NMP oxygen atoms are strongly
attracted to the positively charged sodium ions (see the Figure 2-9 A) from another side, the
oxygen atoms are placed outwards from the negatively charged iodide ions (see the Figure 2-9 B).
In general, similar to the mechanisms of ion solvation in water [75,76] there is a strong asymmetry
in sodium and iodide solvation in NMP. As illustrated by the high peak on Na* — NMP g(r) (Figure
2-9), the sodium ion solvation shell is very dense because the ion is relatively small and,
consequently, has a large surface charge density [77]. Therefore, the Na* ions strongly coordinate
polar solvent molecules around them that resulted in the height of the first peak on Na* — NMP
radial distribution function to be about 8.0. On the other hand, the iodide ion solvation shell is
much more diffuse because of the larger size of the I" ion and, consequently, its smaller surface
charge density than that of the Na" ion [77].

As a result, the height of the first peak on I'— NMP radial distribution function is much smaller
than that on the Na" — NMP g(r) (it is slightly above 3.0). The position of the first maximum on the
I"— NMP g(r) is also shifted compared to the Na* — NMP g(r) (from 0.42 to 0.55 nm). This is
because of two main reasons: (i) I (r = 0.220 nm) has a larger radius compared to Na* (r = 0.102
nm) [78]; (ii) as discussed above, the I — NMP interactions are weaker than the Na® — NMP

interactions.
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2- lons behavior at the CNT surface in CNT-NMP dispersion.

Results of MD simulations indicated two major effects, which take place during ion interactions
with the CNT surface. First ions have to become partially desolvated to make direct contacts with
the CNT surface, as shown in Figure 2-10. The MD simulations show that upon approaching the
CNT surface the sodium ions have to release one NMP molecule and the iodide ions have to
release two NMP molecules from their solvation shells, there is a significant decrease of the
solvation number of ions at the CNT surface, see Figure 2-10 A. The partial desolvation of ions
also means that the strong ion—NMP dipole interactions are substituted by the much weaker van der
Waals interactions of ions with the non-polar CNT surface. That leads to large energy costs for
desolvation of ions and, overall, makes the direct contacts of ions with the CNT surface to be
energetically unfavorable.
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Figure 2-10 (A) Solvation number of ions (the number of NMP molecules in the first solvation shell of the ions) as
a function of distance from CNT with (8,6) chirality. (B) Schematic representation of the partial desolvation of
the ions upon direct contact with the CNT surface [74].

Secondly, it appears that to approach the CNT surface, ions have to penetrate a very dense layer of
NMP molecules in the first CNT solvation shell, as shown in Figure 2-11. It is profile with two
distinct high peaks in the vicinity of the CNT surface. This NMP enrichment area is followed by a
deep hollow at about r = 1.1 nm. Thus, during the formation of ion—CNT direct contacts, not only
the ions have to be partially desolvated (as shown on Figure 2-10), but also the CNT has to release

some NMP molecules from its solvation shell.
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This further increases the energetic barrier for the formation of ion — CNT direct contacts.
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Figure 2-11 Radial density profiles of ions and NMP molecules (center of mass) at the CNT [74].

From the simulation and experimental data on sodium iodide salt effects on CNT dispersions in
NMP, the observation and conclusions can be summarized as follows. The NMP solution is a
highly polar solution with strong ion-solvent interaction. These bonds must be overcome in order
for salts to come in to direct contact with the CNT surface. It is particularly unfavourable from an
energetic point of view since the ions must overcome their strong ion-solvent interaction and
become partially desolvated. Furthermore the ions must conguer the prominent and dense solvation
shell of the CNT in order to make direct contact, which poses yet another obstacle for the ions.

On the other hand, the interactions between the ions and the CNT surface depend on the salt
depletion area which is formed around the CNT. The width of the salt depletion area corresponds
to the width of the first solvation shell of CNT in NMP, which means the concentration of ions is
much less in this area than in the bulk solution.

However, at higher concentrations of salts, the CNT-NMP dispersions become thermodynamically
less stable resulting in the increase of solvophobicity of the CNTs in the CNT-NMP dispersions.
The increase of the CNT solvophobicity can be observed through the increase of salt concentration
and the increased aggregation of CNTs (Figure 2-6 (2)). This is confirmed by the MD simulations
[74]. The salting-out effect appears to lead to an efficient, safe and inexpensive method of bundle

engineering of the CNTSs in non-aqueous media.
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2.4 CNT-NMP-PVP-Nal (salt)

Nanotechnological applications of CNTs are related to the selective separation of CNT chiralities,
which it is a great challenge. In general there is no efficient method yet for SWNT separation.
Recently, a salt addition to the SWNT dispersion has been shown to be a method that might serve as
an tool for chirality separation of CNTs [79,80]. SWNTs-NMP solutions with addition of PVP are
more stable, as explained in section 2-2. When SWNTs-NMP-PVP is dispersed with addition of Nal
salt at different concentrations, the resulting solutions show excellent stability with respect to re-
aggregation of the nanotubes.

In this work the salt (Nal) effects on CNT-NMP-PVP dispersions were studied. PVP was chosen
because it is possible to increase concentration of SWNTSs to at least 0.28 mg/ml in the bulk NMP
solution and the dispersion may stay stable for few weeks [34]. Moreover, PVP polymer wrapped
around the carbon tubes which it is thought to make the solution thermodynamically more stable.

2.4.1 Experimental methods and Preparation

CNTs were dispersed in NMP as in a section 2-2-1 and 33mg PVP polymer was added. Then the
resulting CNT dispersion was divided into 5 samples which were numbered as sample 0, 1, 2, 3
and 4 correspondingly. Sample 0 was again used as a control sample (without salt). Four different
salt concentrations were added to the other samples: 0.065, 0.130, 0.190 and 0.500 mM. The final
concentrations of the salt in the samples were prepared as follows. Concentrated salt solution in
NMP was added to each sample with a calibrated micropipette. All samples were shaken at 300
rpm for 10 minutes. Due to the small volume of the added drops of the concentrated salt solution
the dilution effect on the whole sample was not taken into account. The final salt concentrations
were 0.065, 0.13, 0.19 and 0.5 mM, corresponding to the samples 1, 2, 3, and 4.

2.4.2 Results and Discussion

Figure 2-12 shows photographs of all samples. Sample 0 (without salt) was used as a control, and
sample 1 was observed to be stable without any aggregations. Formation of CNT bundles was
observed by visual inspection of samples 2 to 4, and the photographs show the effect of interaction

between the salt and polymer in de-bundling SWNT aggregates.
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Figure 2-12 also illustrates the stabilizing effect of sodium iodide at low concentration. The
remaining samples have formed CNT bundles with addition of sodium iodide at higher
concentration. That means the ratio between the sodium iodide concentration and SWNTSs solution
in sample 1 is under the threshold conditions and the sample remained thermodynamically stable.

Figure 2-12 Photographs of SWNTSs dispersion in (left to right) a control sample (without salt) and the samples
1,2,3 and 4, 0.065 mM, 0.130 mM, 0.190mM, and 0.500 mM sodium iodide respectively.

Nanotube aggregation increased in samples 2 to 4 with increasing salt concentration. However,
when the salt concentration increased, the negative ions around tubes increased and this stretches
out the polymer. It may be that the main molecular mechanisms of ion interactions with the
nanotube surface changed with different salt concentrations than those used in section 2-3, because
the PVP polymer wrapped around the tubes makes the tube more stable with respect to the effect
of external influences. Also it could be that energy is transferred from polymer to tubes, and
achieve tubes which is more thermodynamically stable [34]. That is evident from the PL map
shown in Figure 2-13. The intensity of the PL bands increased with additions of salt. That means it
might be the same interaction energy between the salt and polymer being transferred to the carbon
tubes, which led to increased PL intensity in sample 1. Figure 2-13 (a) shows the PL map for
control sample without salt and Figure 2-13 (b) the increased intensity for sample 2. Figure 2-13
(c) shows the reduction of the average PL intensity in sample 4 compare with control sample (0).

Therefore, faster aggregation is expected in sample 4 than in the other samples. However,
experimental results from the SWNTs-NMP-PVP dispersion with added sodium iodide indicates
that salting-out happens after adding salt to the SWNTs-NMP-PVP dispersion, as described in
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section 2-3. This means the interaction between the sodium iodide and SWNTS-NMP-PVP
solution is different, and hence the PVP causes as effect in this interaction.
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Figure 2-13 (a) PL map of control sample without salt addition, (b) sample 2 with 0.130 mM sodium iodide and
(c) PL map of the sample 4 with 0.500 mM sodium iodide.

Figure 2-14 shows PL intensity measurements for a stability study taken at 570 nm excitation. It
can be clearly seen that the intensities of PL increased for samples 1, 2 and 3 but for sample 4 the

intensity was reduced with increased the salt concentration.
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Figure 2-14 Spectra from excitation at 570 nm for samples 0, 1, 2, 3 and 4 with and without salts.

Optical absorption spectra for samples 1 to 4 with different concentrations of sodium iodide and
sample 0O, the control sample, are shown in Figure 2-15. The spectra clearly show electronic
transitions in the VIS-NIR region, that is, absorption peaks resulting from the first and second
interband transitions of semiconducting SWNTSs (Sy; and Sy,) for all samples, even the control.

The absorption intensities are nearly same for all samples, which show that the concentrations are

nearly same for all samples.
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Figure 2-15 Optical absorption spectra of all samples 0 to 4.

In this study it has been shown that the SWNTs-NMP-PVP solution with additions sodium iodide
can show very promising properties, comparable with the results in case of SWNTs-NMP with
sodium iodide but without PVP. Figure 2-16 shows the threshold of concentration dependence of
PL intensities for tubes (6,5) of solution mixtures (SWNTs-NMP-PVP) with added sodium iodide.
The PL intensities tend to increase with increasing the concentrations of salt until the threshold,
which can be related to the unique process which makes these SWNT-NMP-PVP solutions

thermodynamically unstable.
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Figure 2-16 Concentration dependence of PL intensities for tubes (6,5). PL intensity increases to a peak in the
solution of sample 2, with 0.13 mM sodium iodide.

CNT-NMP-PVP dispersions with addition of sodium iodide have been studied, with results as
follows; first, as mentioned Section 2-3, the NMP solution is a highly polar solution with strong
ion-solvent interaction. Polymers carrying a charge can be integrated with groups of ions in polar
solvents such as NMP, and the ion groups can be separated, and charges may be departure from
polymer chains, releasing counterions into the solution. Counterions are ions that accompany a
charge to maintain electrical neutrality. Condensed counterions decrease with increase polymer
concentration, due to polymer chains interpenetrating, where the polymer becomes bunched in on
itself which lead to a higher concentration of the counterion in solution. However, in a good
conditions the solvent condensed counterions could be high [81]. The mechanism for ion
conduction is not yet understood enough for solid polymers and it is still unclear. Second, sodium
iodide with CNT-NMP was also described in Section 2-3. Third, PVP:Nal, in the case of PVP
polymer has a carbon bond with oxygen which is a strong electron donor, and may interact with
sodium ions. PVP also has a carbon bond with nitrogen which can be attracted to iodide ions. Ravi
and co-workers [82] have used PVP with Potassium perchlorate to increase conductivity with an
increase in salt concentration. Figure 2-17 shows the effect of sodium iodide on the polymer,

which tends otherwise to occur as a random coil, and ions lead to stretching out of the polymer.
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An increase in salt concentration is known to lead to an increased number of adsorbed
counterions around the polymer skeleton, which means the net charge fraction of the polymer
decreases with increasing salt concentration [83]. That means the polymer may be stretched out
by sodium iodide.

In addition, there is a threshold value for interaction between polymer and salt. The number of
repeats of the polymer chain should be larger than the degree of ionization, which depends on the
length and radius of the polymer and on the concentration-dependence of the chain size for
partially charged chains with a monomer with fractional charges. This happened with sample 1
(0.065 mM) and sample 2 (0.130 mM), where it is assumed the quantities of ions, and the
concentration of sodium iodide in the solution were not sufficient to stretch out the polymer
around tubes, and the polymer was still wrapped around tubes. That was confirmed by PL, as the
intensities of PL in sample 1 was still increased compared with the control sample, and the PL
intensity was maximal in sample 2 (Figure 2-14), which started to aggregate, as seen in the
photograph Figure 2-12, third from left. However, in the case of sample 3 (0.190 mM) and
sample 4 (0.500 mM) the quantities of ions, and the concentration of sodium iodide in the
solution are enough to cover the whole chain of PVP polymer, to stretch out the polymer around
tubes. Salting out was observed for the tubes, and PL intensities decreased abruptly for those
samples (Figure 2-14).

In conclusion, an ion interaction with the surfaces of carbon nanotubes dispersion in NMP solvent
was investigated. Small salt concentrations of sodium iodide salts are capable of salting out
carbon nanotubes from their dispersions. The effect of salt addition increases with an increase of
the salt concentration. The CNT-NMP dispersions become thermodynamically less stable at
higher concentrations of salts. These findings provide new access for CNT bundles engineering

in nano-science.
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Chapter 3




3. Photoluminescence enhancement of carbon nanotube using
polymethine dye complexes

Dye is a material which can be involved in a transfer of energy from the dye molecule to SWNTSs.
Enhancement of PL intensity and transfer of energy has been described in this chapter, with
selectivity to SWNTs, by addition of dyes. CNTs with one dimension have remarkable
multifunctional application potential in electronics, reinforced composite materials, chemical and
biological sensing, scanning probe microscopy and in many more areas [12,50,84-87]. Chemically
functionalized CNT might be designed for advanced tasks, including light-harvesting devices,

sensors, drug delivery and energy storage [50,86-91].

While some of these applications still remain a far-off aim, others are actually very close to
practical realization [91] such as hydrogen storage. However, CNT could be a potential industrial
pollutant in the near future due to the growth of nanotechnology, with total mass production of
CNT exceeding the thousands of tons annually [91]. These is only fragmentary knowledge about
their toxicity [12,89,90]. CNTs could get into the environment during production, application, and
disposal, and the ambient risk posed by CNT must be controlled. Therefore, we need to be well
equipped for rapid detection of CNT, to prevent contamination of the human bodies and the wider

environment in the case of technological catastrophes.

Among known techniques of chemical sensing, one of the most promising is the
photoluminescence (PL) method, due to its high sensitivity, rapid detection and simplicity. The
most efficient mechanism for PL sensing can be achieved through an enhancement of the emission
in the presence of the compound to be detected [92,93]. The quantum yield of PL emission of CNT
is low [12,50,84-87], and PL quenches with both bundling of the tubes [41, 79] and interaction
with some analytes [54,95,96]. The ‘brightening’ of CNT PL has been pursued for various
photonic applications, and has been achieved through encapsulation of organic materials inside the
tubes[97,98], covalent incorporation of sp® defects [99], embedding luminescent local states(100),
admixture of an electrolyte [101], and non covalent attachment of w-conjugated organic molecules
[102-104]. The merits of non-covalent attachment of organic molecules are that unique intrinsic
features of the tubes are prepared whilst novel advances associated with the organic conjugates

may also be conferred [86,89].

Among the variety of organic conjugated compounds, the polymethine dyes (PDs), organic
molecules containing a polymethine chain of different length and enormously variable end groups,

can be easily modified and tuned towards a desirable opto-electronic task. PDs are advanced
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photonic materials which have applications as spectral sensitizers (105), light harvesters (106) and

‘laser’ dyes with large optical non-linearity [107-109].

The effects of some other dyes have been studied: Cyanine dyes, Cy3 and astraphloxin, affect
emission from CNTs in a very dramatic way [110,111]. PDs are known to attach non-covalently to
CNTs, which produces a significant PL amplification of CNT emission by energy transfer [98]. In
this experiment a series of polymethine dyes were tested to observe the effect. Most of the dyes
showed slightly quenched fluorescence in the presence of CNTs with no influence on NIR
emission of CNT. The results of these studies are reported in this chapter.

3.1 Energy Transfer

SWNT solutions contain isolated semiconducting SWNTs and metallic tubes. Furthermore, there
are bundles of different sizes and containing combinations of semiconducting or metallic tubes.
Assuming a random chirality distribution, two-thirds semiconducting nanotubes and one-third
metallic would be expected [11]. Semiconducting SWNTSs have a band gap which depends on the
tube diameter, and nanotube fluorescence is related to the electronic band structure. In PL, electron
excitation occurs through absorption of light at higher energies, which is subsequently emitted
during electron relaxation at lower energies. Exciton energy transfer (EET) happens between tubes
assembled in bundles consisting of only semiconducting nanotubes with different diameters of
tubes. Excitons can be transformed from larger band gap donor tubes to smaller band gap acceptor
tubes amongst SWNTSs. This interaction depends on the distance between donor and acceptor
semiconducting nanotubes [41]. However, PL can be quenched, in large bundles or in metallic
nanotubes, due to the nonradiative property of metallic tubes. Moreover, the PL quenching effect

dramatically increases with increase in bundle size.

Exciton recombination, one of the possible intraband relaxation processes, can be either radiative
or nonradiative. Figure 3-1 shows the mechanism of (a) the radiative process between excitation of
large gap donors exposed to light and the emission from small gap acceptors, showing a high
transfer efficiency process in bundles. In Figure 3-1 (b) the light is absorbed by metallic tubes,
which are nonradiative, so the metallic nanotubes can strongly quench luminescence from
semiconducting SWNTSs due to the nonexistent band gap. The presence of large bundles with large

tube diameters may also absorb and quench luminescence instead of emitting.
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Figure 3-1 Schematic of (a) radiative and (b) nonradiative energy transfer in SWNTSs bundles.

Forster resonance energy transfer (FRET) is a process of transfer of energy between two different
molecules via a nonradiative path, which is not mediated by photon emission. Transfer of energy
occurs between a donor and a nearby acceptor molecule. The process is involves a donor in an
excited electronic state, which then may transfer the excitation energy to a nearby acceptor
molecule in a nonradiative way through dipole-dipole interactions. This process is highly distance
dependent within several nano meters, due to spectral overlap between the donor emission and

acceptor absorption spectra, shown in Figure 3-2.
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Figure 3-2 Schematic of donor-acceptor spectral overlap region.
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3.2 Polymethine dyes

Cyanines have many uses as fluorescent dyes. Pure organic dyes not only are easier to prepare but
also have low costs. Dye-sensitized systems have been extensively studied as having promise for
photoelectric conversion. Recently, researchers have succeeded in synthesizing a series of
hemicyanine and cyanine dyes and it has been found that these dyes could perform excellent
spectral sensitization by reasonable design [112]. In order to enrich the research field of cyanine
dyes for CNTs and gain more information on the structure, property relationships have been
developed in this work, indicating that pure organic dyes would be a promising type of sensitizer
for SWNTSs. Cyanine dyes have intense and broad absorption bands in the visible and near-infrared
regions. Moreover, there are many applications for these dyes in industry, particularly in
biomedical imaging, depending on the structure of the dyes. The molecular structure of cyanine
polymethine dyes, Cy3 and astraphloxin, differs only by presence of a long alkyl chain (hexanoic
acid) in the Cy3 side group compared to Astraphloxin as shown in Figure 3-3. The long alkyl
chain may alter an interaction of the dye with CNT as well as interaction between dye molecules
[111,113].

(a) Astraphloxin (b) CY3 COOH

Figure 3-3 Molecular structures of selected cyanine dyes: (a) Astraphloxin and (b) Cy3.

A series of newly synthesized and well known PDs for rapid recognition of CNT were tested when
covered by ionic and non-ionic surfactants in water. Enhancement of PL from the chiral
(semiconductor) tubes functionalized by astraphloxin dye was demonstrated, as shown in Figure 3-
4. Functionalization occurs through coulomb coupling of positively charged astraphloxin
molecules (Figure 3-5) to anionic surfactants (sodium dodecyl-benzene sulfonate (SDBS), sodium
dodecylsulfate (SDS), sodium deoxycholate (SDOC) and sodium taurodeoxycholate (STDOC))
covering CNT and forming micelles. The astraphloxin attached to the micelle interacts with CNT
by weak m-m complexation resulting in quenching of the emission of the dye and enhancement of
CNT PL up to 6 times. Excitation-emission PL mapping in spectral ranges of the dye and CNT
allowed experimental demonstration that only PD molecules stacked in CNT micelles contributes

to PL amplification of CNT (Figure 3-4). The reference systems with neutral surfactants (Triton-X
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100, polyvinylpyrrolidone) or negatively charged astraphloxines with sulfonated groups were
unable to create complexes with CNT. Physicochemical modelling of the complexation process is
reported which fully supports by the complementary study of the reference systems. The ability to
tune m-conjugated systems of PDs allows alteration of the energy levels in the studied complexes.
An efficient light harvesting system is thus demonstrated with great potential to boost future

photonic applications.
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Figure 3-4 Schematic diagram of energy transfer in studied complexes. (a) The micelle is formed around CNT by
anionic surfactants (SDBS, SDS, SDOC, and STDOC); (b) coulomb attraction attaches positively charged
astraphloxin to anionic CNT micelle. A non-covalent conjugation of PD — CNT emerges with enhanced PL
emission from CNT. (c) The CNT has characteristic exciton energy levels of PL excitation E,, and emission E;;
(d) a visible range excitation of the dye molecules attached to the tubes transfers to CNT PL levels (E;;) in NIR
range.
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Figure 3-5 Molecular structures of selected PD. Positively charged: (top, left) astraphloxin and (top, right) Cy3;
and negatively charged anionic analogues of astraphloxin (1-624, 1-673, 1582) and Cy3 (1-841).

One of the most efficient surfactants for dispersing CNT is SDBS, an anionic compound,
providing a stable micelles solution with debundled tubes (15). Most of the studied PD had slightly
qguenched PL in the presence of CNT with no influence on NIR emission of CNT. However,
astraphloxin and Cy3, an astraphloxin analogue with a long alkyl chain (Figure 3-5), affected
emission from CNT in dramatic way by significant amplification of CNT PL. Cyanine terminal
groups connected with the polymethine chain constitute the astraphloxin molecule, which has
uncompensated positive charge at one of nitrogens. In Figure 3-5 we demonstrated a tremendously
small part of engineering variety of this molecule, which can serve as a diverse model system for

CNT functionalization and promising unit in future practical applications.

3.3 Experimental methods and Preparation

1.24 mg SNWTs (CoMoCAT-100) were dispersed in 20ml DI water with the presence of
6.5mg sodium dodecylbenzene sulphonate (SDBS). First the dispersion was exposed to
ultrasonication for 1 h at 21 kHz and 250 W. Second the dispersion was subjected to

ultracentrifugation for 2 h 30 min at 47 k r.p.m at 17 °C, in order to remove the aggregate
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phase. A series of polymethine dyes summarized in Figure 3-3 were supplied from the
Institute of Organic Chemistry (NASU, Ukraine).

The concentration of CNT in all mixtures used in the experiments was similar; approximately
80 % of the neat solution of CNT was used and 20% of the solution of the dye to make a
certain ratio of components. Mixtures with the following concentrations (in mg/ml) of dyes
were studied: 0.0005, 0.0010, 0.0020, 0.0040, and 0.0080 mg/ml. The PL data for high
concentrations of the dyes (above 0.008 mg/ml) was not included in the discussion because of

the effect of PL emission re-absorbance.

3.4 Results and Discussion

3.4.1 Shift in absorption spectra of SWNTSs dispersion.

Absorption spectra for mixtures of astraphloxin or Cy3 with CNT show a peak shift related to dye
absorption depending on the concentration of the dye, as shown in Figure 3-6 (a) and (b). The peak
at 540 nm for neat astraphloxin solution shifts to 554 nm for a concentration of the dye at 0.0010
mg/ml in the mixture Figure 3-6 (a). For Cy3, having a maximum at 543 nm in neat solution, the

peak also shifted to 554 nm for the lowest concentrations of the dye in the mixture Figure 3-6 (b).

Thus, the absorbance peak of the dye monomers (540 nm for astraphloxin and 543 nm for Cy3)
vanishes in the mixtures at the low concentration of the dyes. An increase of the concentration
recovers the peak from dye monomers Figure 3-6 (a) curves 4 and 5. The mixtures with high
concentration of the dyes have absorption spectra that could be fitted as a superposition of
components: one for monomers of the dye, second for the dye interacting with CNT, and third for
CNT itself.

The spectra of the mixtures with high concentration of astraphloxin can be well fitted by these
components taking into account a further red shift of the peak for the dye interacting with CNT.
For example, at an astraphloxin concentration of 0.0040 mg/ml the peak has to move 6 nm from
554 to 560 nm. In this way, we evidence is demonstrated for J-aggregation of astraphloxin on
CNT. The spectra of mixtures with Cy3 are perfectly fitted, with no shift at higher concentrations,
vindicating the suggestion that Cy3 interacts with CNT without aggregation between dye
molecules. It should be noted that neat solutions of the dyes, as well as mixtures of Cy3 with CNT,
are stable for weeks with no aggregates formed, whereas overnight (or longer) aged mixtures of
astraphloxin with CNT contain small shiny crystals (particles) as well as dye deposited on the

walls of the containers.
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The explicit red shift of the peaks can be explained by an interaction of the dyes with CNT. One
can suggest a formation of J-aggregates of the dyes in the vicinity of the tubes [106], as we clearly
observe an emergence of red shifted peak. However, the astraphloxin-CNT mixtures can be shown
to have dependence of the shifted peak on the dye concentration further evidencing a J-aggregation
of astraphloxin molecules with CNT. Moreover, in the studied mixtures, a threshold in the
appearance of the dye monomers is shown at high concentrations (see curves 5 in Fig. 3-6 (a) and
(b), which evidences saturation of the dye aggregation on CNTSs. It appears that the dye covers the
CNT surface in a single layer only. A similar effect of single layer formation was shown in system

of CNT non-covalently covered by porphyrin molecules [103].

The interaction of the dyes with CNT is evidenced by the absorbance data in the region of
transparency of the dyes (600 -1400 nm), where the peaks of CNT absorbance were analyzed in
the above mixtures. For example, a CNT peak with the maximum at 655 nm does not alter its
position, whereas peaks at 994 and 1024 nm shift to the long wavelength side by 5 nm (to 999 and

1029 nm, respectively). The peaks are shifted for by same position regardless of dye concentration.
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Figure 3-6 Absorption spectra of (a) astraphloxin and (b) Cy3 in water. The peak for neat dye solution, (a) 540
nm and (b) 543 nm shift with addition of CNTs at low concentration ( spectrum 2 a and b) but at high
concentration (spectrum 5 a and b) show recovery of dye monomer peaks in addition to dye-CNT shift peaks at
543 nm and a third component from non-complexed CNT emission.
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3.4.2 PL enhancement

Figure 3-7 (a) and (b) shows PL for mixtures of CNT with dye in the visible range of 500-700 nm.
Quenching of the dyes emission is shown a as a result of the admixture of CNT. Thus, the
observed quenching of PL may be explained by non-radiative transmission of the excitation energy
from the dyes to CNT with further emission from CNT excitonic levels (Ey;). A red shift of
approximately 11 nm from 556 nm to 567 nm, for astraphloxin and approximately 5 nm from 557
nm to 562 nm for Cy3 is observed in the maxima for excitation and emission for the mixtures.
This is shown in Figure 3-7 (c) and (d).
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Figure 3-7 PL emission for mixtures CNT with dye at various concentration (a) and (b), and normalised PL
emission from mixture of CNT with dye at various concentration showing a red shift of approximately 11 nm for
Astraphlaxin (c) and 5 nm for Cy3(d).

In the NIR range, maps of excitation-emission of PL, EPL maps, where the X axis is wavelength
of PL emission, Agy, and the Y axis is the wavelength of PL excitation, Agx, were measured for
neat CNT and mixtures of CNT with various concentrations of the dyes. The EPL map data

showed a rise in PL intensity from the tubes (PL amplification) in the range of the dye excitation
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as in Figure 3-8. Particularly, the maximum of excitation did not coincide with the maximum of
the absorbance of the dye monomers (540 and 543 nm for astraphloxin and Cy3, responsibly).
However, it coincides with the absorption maximum for dyes interacting with CNT (maximum at

Aex = 555 nm accompanied by a vibration peak at 520 nm).

The resonant energy transfer (RET) process from dyes, donors, dye molecules attached to CNT,
acceptors, is the most obvious reason for the effect explained by dipole-dipole interactions
between the molecules. Dye monomers present in the mixtures at high concentration do not appear
to contribute to energy transfer to CNT. It means that the short range Dexter-type energy transfer
is the more likely, in comparison with a Forster mechanism of RET, where energy can be
transferred for distances up to 90 A [114].
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Figure 3-8 EPL maps of (a) neat CNT and (b) mixture of CNT with astraphloxin (0.004 mg/ml) in water solutions
of SDBS. High PL intensities are depicted in red whereas low intensities are shown in blue. It should be noted that
the PL intensities in part (a) are twice lower than that in part (b).

The enhancement in the PL peaks in the NIR range were observed as having a maximum at an

excitation at 555 nm, as shown in Figures 3-9 (a) and (b).
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3.4.3 Enhancement intensities of PL for SWNT dispersions are dependent on dye
concentrations

To demonstrate the amplification more explicitly, PL emission spectra at excitation of 555 nm
were extracted from the EPL maps as shown in Figure 3-9 (a) and (b). For astraphloxin, the
maximal amplification amounting to six times is achieved at 0.004 mg/ml concentration, whereas,
for Cy3, the highest amplification is four times, which is reached at Cy3 concentration of 0.002
mg/ml. In addition, the Cy3 molecule is heavier than astraphloxin one, and molar concentrations
for the maximal amplification differs (MEMoxinl = 393 g/mol; MI®®! = 493 g/mol; Cy,PePhoxinl =
1x10”° mol/l; Cy®® = 4x10® mol/l). This means that more astraphloxin molecules can contribute
to energy transfer due to more regularity in the attachment to CNT. The tendency of astraphloxin
to form J-aggregates has to be taken into account. Cy3 has a long alkyl chain, which interferes
with the ordered alignment of molecules on the tubes and limits the total number of molecules able
to attach to CNT.

The different dependences of PL, in the visible range (emission from dyes) and in the NIR range
(emission from CNT), on the concentration of dyes in the mixtures are depicted below Figure 3-9
(c) and (d). The NIR emission tends to saturate at astraphloxin concentrations of 0.004 mg/ml of
has a maximum at 0.002 mg/ml, whereas, PL in the visible range increases until the phenomenon
of re-absorbance of the emission begins to prevent the effect at approximately concentrations of
0.008-0.010 mg/ml. The PL saturation or appearance of the maximum in NIR range means that the
amount of the dye molecules able to attach the CNT has reached a limit. A further increase of the
concentration of the dye results in the presence of free molecules of the dye that do not interact

with CNT, as seen by recovery of the dye monomer peak.
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Figure 3-9 (a,b) PL spectra of neat CNT (1) and mixture (2-5) of CNT with astraphloxin (a) or Cy3 (b) dye (2 -
0.0005 mg/ml, 3 - 0.0010 mg/ml, 4 - 0.002 mg/ml, 5 — 0.0040 mg/ml). (c,d) Concentration dependence of PL for
mixtures of CNT with astraphloxin (c¢) or Cy3 (d) dye at (AEX = 555 nm; AEM = 1028 nm) (squares, black) and
(MEX =520-525 nm; AEM = 555 nm) (circles, red).

3.4.4 SWNT dispersions with different surfactant and dye

A series of CNT dispersions with ionic surfactants (SDBS, SDS, SDOC, STDOC) were tested for
interaction with astraphloxin as a step towards engineering molecular complexes with enhanced
PL. Comparison of absorption spectra for neat solution of astraphloxin and mixtures with different
CNT showed the emergence of new absorbance peaks for the mixtures in the range of 550 to 600
nm Figure 3-10 (a). A new explicit peak at 576 nm appears in absorption spectra of the mixtures
with CNT dispersed by SDOC and STDOC, whereas the spectra of the mixtures with CNT
dispersed by SDBS and SDS have a shoulder in that range. At the excitation corresponding to the
new absorbance peak, a PL enhancement from CNT levels (E;) can be observed for all mixtures
made with anionic surfactants (Table 3-1). The maximum enhancement of PL is observed for the
mixtures of astraphloxin with CNT dispersed by SDBS (Table 3-2). The maximum of excitation
for PL enhancement shifts from Agx = 555 nm for SDBS to Agx = 565 nm for SDS, and to Agx = 570
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for SDOC and STDOC. It should be mentioned that the mixtures of CNT dispersed by non-ionic

surfactants showed no new peaks of absorbance or PL.

PL spectra show the different effect of the dyes on each type of CNT chirality revealing a
selectivity of sensing for CNT of various diameters. First, the enhancement of PL strongly depends
on chirality of CNT (see Table 3-1). The highest PL amplification was observed for (7,5) chirality
of CNT. For SDOC and STDOC, the small tubes with chirality (6,5) did not show any PL
amplification, whereas (7,5) and (8,4) CNT ‘brightened’ in a few times. Second, a shift of Agy was
observed for CNT peaks in the mixtures strongly dependent on surfactant and chirality of CNT
(see table 3-1 for details). Particular attention is drawn to CNT dispersed by STDOC, where gy
for chirality (6,5) is red shifted by 3 nm, and chiralities of (7,5) and (8,4) show a shift in Agm
amounting to 11 and 12 nm respectively. This is interpreted as evidence that astraphloxin
molecules are more likely to attach with CNTs having chirality of (7,5) and (8,4), because a

greater shift in Agy is observed.
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Figure 3-10 (a) Absorption spectra of water solutions for (1) neat astraphloxin and (2-5) mixtures of astraphloxin
with CNT dispersed by various surfactants: SDBS, SDS, SDOC and STDOC. All spectra normalized on
maximum at 540 nm, and have astraphloxin at a concentration of 0.004 mg/ml. (b-d) PL spectra of neat CNT and
mixture of astraphloxin with CNT dispersions by (b) SDS, (c) SDOC, and (d) STDOC.
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Table 3-1 PL peak positions for solutions of semiconductor CNT (CoMoCAT) in aqueas solution with

different surfactants and astraphloxin at 0.004 mg/ml.

(6,5) (7.5) (8,4)
Parameters of CNT with chirality of
Diameter, [nm] 0.75 0.83 0.84
(Aex 5 Aem) [nm; nm]

CNT (SDBS) (570 ; 982) (650 ;1028) | (590;1121)
CNT (SDBS)+astraphloxin (555 ; 983) (555;1030) | (555;1121)
CNT (SDS) (570; 1000) | (650;1046) | (590;1130)
CNT (SDS)+astraphloxin (565 ; 1004) | (565;1050) | (565 ;1144)
CNT (SDOC) (570 ; 985) (650 ;1034) | (590;1121)
CNT (SDOC)+astraphloxin (570 ; 988) (570; 1034) | (570;1131)
CNT (STDOC) (570 ; 985) (650 ;1032) | (590;1121)
CNT (STDOC)+astraphloxin (570 ; 988) (570; 1043) | (580;1133)
CNT (Triton-X 100) (570 ; 983) (650 ; 1033) | (590;1123)
CNT (Triton-X 100)+astraphloxin (570 ; 989) (650; 1037) | (590;1126)
CNT (PVP) (575;1004) | (655;1055) | (590;1142)
CNT (PVP)+astraphloxin (575;1004) | (655;1055) | (590;1142)
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Table 3-2 PL amplification or decrease in the NIR range for astraphloxin with CNT dispersed by various

surfactants.

Parameters of CNT with chirality of (6.,5) (7.5) (8,4) (9,5)/(8,7)
Diameter, [nm] 0.75 0.83 0.84 0.98/1.03
Maximum relative increase of the PL at ex = 555 nm for
6.0 52 2.4

astraphloxin at 0.004 mg/ml + CNT
(SDBS)

3.1
(XEM:983nm)

(}\.EM=1030nm)

(}\.Elelzlnm)

(}\'EM ’“‘1270nm)

Cy3 at 0.002 mg/ml + CNT (SDBS)

2.6

()\.EM=983nm)

4.1

(XEM:].O?)Oﬂm)

4.0

O\‘Elelzlnm)

1.9

(}"EM "'1270nm)

astraphloxin at 0.004 mg/ml + CNT
(Triton)

0.6

()\.EM=989nm)

0.6

(XEM:].O?)?nm)

0.6

O\‘EM:1126nm)

0.8

(XEM=1290nm)

astraphloxin at 0.004 mg/ml + CNT
(PVP)

0.6

(}\,EM:1004nm)

0.7

(}\,EM:1055nm)

0.6

(}\,EM:1142nm)

0.9

(7\,E|\/|:1290nm)

Maximum relative increase of the PL at ex = 565 nm for

astraphloxin at 0.004 mg/ml + CNT
(SDS)

2.2

(XEM:1004nm)

2.7

(XEM=1050nm)

2.1

(XEM:1144nm)

13

(Aewm ~1290nm)

Maximum relative increase of the PL at ex = 570 nm for

astraphloxin at 0.004 mg/ml + CNT
(SDOC)

0.9

(}\,EM=988nm)

1.7

(%EM=1034nm)

14

(%EM=1131nm)

13

O‘lEM ~1285nm)

astraphloxin at 0.004 mg/ml + CNT
(STDOC)

1.2

O\.EM"‘988nm)

3.0

(XEM:1043nm)

2.4

(XEM=1133nm)

2.0

(Aem ~1285nm)

Another logical step was to test astraphloxin molecules substituted with different anionic groups
from these depicted in Figure 3-5: 1-624, 1-673, 1582, and 1-841. An aim of this test was to exploit

dyes with similar molecular structure but having negative instead of positive charge. In absorption
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and PL spectra, mixtures of the anionic dyes with CNT result in superposition of two compounds
without new features. Thus, we show that the negatively charged astraphloxin analogues do not
transfer energy to CNT, regardless of the anionic or neutral nature of surfactants used. This helps

explain the nature of interaction between the molecules.

To confirm that the changes observed in the above systems are an effect of interaction of the dyes
with CNT, two-component systems of the mixture consisting of the dye and surfactant were
studied. No shifts of absorbance or PL peaks were observed after admixture of surfactant to neat
solutions of the dyes. No PL features appeared in the NIR range of spectra. Thus the shift of the
peaks, significant PL quenching in visible range and the amplification in NIR range, is explained

by interaction of CNT with the dye molecules.

The non-radiative energy transfer process from the dyes aggregated to CNT is the most obvious
explanation of the effect of PL amplification. The coulomb attraction between positively charged
astraphloxins and negatively charged surfactants is thought to be responsible for the aggregation of
dyes on CNT micelles. So far as CNT and polymethine dyes are pi-electron systems, the most
likely way to explain the interaction between CNT and the investigated dyes is as a stack
interaction, as shown in a series of papers [103,115,116]. The interaction between CNTs and dye
molecules separated by surfactant molecules should decrease, but cannot be negligible.

In conclusion, macromolecular complexes PDs-CNT provide a novel ways for functionalization of
carbon nanomaterials extending its remarkable multifunctional application. The nanotubes
emission in the range of dye excitation was enhanced. Through the Coulomb force attracts the
polymethine dye to carbon nanotube covered by ionic surfactant in water, so excitation of the dyes
can be transferred to the tubes. A strong amplification of the emission from carbon nanotube

energy levels in near-infrared range was observed.
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Chapter 4




4. CNT Saturable Absorbers for mode locking of fibre lasers

SWNTSs are the subject of extensive studies for use in photonic devices, due to the fact that
semiconducting SWNTs are direct band gap materials that can be used to generate light.
Additionally, the strong nonlinear optical properties of CNTSs, including their ultra-fast non-
radiative decay rates, allow light switching and shaping applications in the important for modern
telecommunication near-IR spectral range. Thus, carbon nanotubes have been a subject of
intensive studies by researchers in telecommunication and laser fields in order to demonstrate the
integration ability of SWNT materials with standard fibre optics components. So far, a number of
ultra-short pulse generations have been achieved in fibre lasers of 1000-2000 nm spectral range

with a passive mode-locking technique using SWNTS as saturable absorbers.

4.1 Saturable Absorbers for mode locking of fibre lasers

The field of mode-locked fibre lasers (MLFL) has attracted significant interest worldwide since the
early 1990s due to existing and promising applications in telecommunication, material processing,
bio-medical treatment and so on. All-fibre MLLs benefit from maintenance-free operation, cost-
efficiency, and easy fabrication process. The fabrication of ultra-fast MLFL is straight forward,
does not require “clean room” facilities and photolithography, and, therefore, greatly decreases the
cost and power consumption of production compared to SESAM. Currently such versatile laser
sources primarily generate coherent light in the spectral range of 1000 - 2000 nm which can be
expanded into the visible and mid-IR spectral ranges by using higher harmonics for generation,

differential frequency techniques, and by excitation in the super continuum.

In order to achieve ultra-short pulse generation with MLFL, researchers need to apply mode-
locking techniques which allow modulating gains and losses in the laser cavity. Initially, Kerr
nonlinearities were used for these purposes, and later on artificial nonlinearity due to polarisation
rotation was adopted. Although those techniques offer ultra-short pulse generation with pulse
width down to tens of femtoseconds, the lasers are highly demanding in terms of laser cavity
design, and environmental stability. The mode-locking of fibre lasers based on materials with
saturable absorption properties gives a much simple laser design, potential for self-started regimes,
and excellent stability of generated pulses.

In a simplified approximation, a saturable absorber can be considered as a two level quantum

system [117,118]. For weak incident light, the material absorbs light in a linear regime according
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to the Beer-Lambert law [105]. A high intensity light with resonance energy close to the material’s
band gap energy will induce large changes in absorption and refractive index [106]. The high
power light fills the excited states with carriers (Pauli blocking) and depletes the ground state,
causing a decrease in absorption coefficient for light subsequently received [106]. The saturable
absorption is given by [106,45]:

D a, (6)
1+ %

Where a(l) is the absorption coefficient at intensity I, oy is the linear absorption coefficient, Is the

a(l) =

saturation intensity, and oy iS a nonsaturable absorption component. The saturation intensity is
defined as follows [119] :

Is=hv/icata = Fealta (7)

6A=0/ND (8)

Where o, is the saturable absorber’s cross-section, ND is the density of states in the saturable
absorber, and F is the saturation fluence and t, is the recovery time.

The important saturable absorber parameters are the nonsaturable losses o, saturation intensity I,
recovery time t, and the modulation depth AT [107]. Which all parameters are directly related to
the material properties of the SA. The modulation depth is a maximum absorption (or reflectivity)
change between low and high incident pulse fluence [117]. It should be noted that the formed
pulse of a saturable absorber is inversely proportional to the modulation depth of that SA, and thus
a higher modulation depth will lead to shorter pulse duration [105].

The four major classes of saturable absorption materials existing for the spectral range of 1000 -
2000 nm are: organic laser dyes, semiconducting quantum dots (PbS, PbSe, etc), and super-lattices
based on semiconducting quantum wires and carbon nanomaterials (SWNTs and graphene).
Firstly, laser organic dyes have been used as saturable absorbers in the near IR spectral range, and
later have been expanded into the telecoms spectral range. However, there is an issue with
stability of the material and also the application of micro-cuvette device, which make them almost
impossible to use in the fibre laser field. Then MLFL development significantly progressed by
introduction saturable absorbers based on IlI-V binary and ternary semiconductors in form of
multiple quantum wells (MQW), grown by molecular beam epitaxy (MBE) or metal organic
vapour phase epitaxy (MOVPE) [118,120]. For reduction of recovery time, a significant amount of
carrier trapping defects need to be introduced, which can be achieved by low temperature MBE
growth of the MQW saturable absorber, or alternatively by utilizing post-growth ion implantation

[106,108]. However there are several drawbacks in the use of MQW saturable absorbers in fibre
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lasers. Devices are mostly grown as laser mirrors, hence they are called semiconductor-saturable
absorber mirrors (SESAMS). Such devices are well-suited to the cavity of solid-state lasers [108],
while for utilization in fibre optics systems, advanced packaging by means of fibre circulators,
fibre focusers or collimators is required [121,122] .

Saturable absorbers for passive mode locking in the wavelength range of 1.3 — 1.5 nm are still a
challenge. SESAM, quantum dots (QD) and quantum wells (QW) are running successfully as
passive mode locked at range 1 — 1.3 nm [123].

QD based-SESAMs have demanded increasing interest because of the achievement of novel
SESAMSs with tunable optical properties, which are possible to attain due to the strong localization
of wave function leading to an atom-like density of states. Rafailov et al. [124] demonstrated
stable mode-locking with fast recovery and achieving shorter pulse durations by using a QD
saturable absorber.

Although the operational range of SESAMS has been expanded in recent years, there are several
technical issues which remain. First, the bandwidth of SESAMs is very narrow, limiting the laser
generation range to about 100 nm. SESAMs also have a low power damage threshold and typically
need to be replaced after 5000 hours of operation in the cavity.

Very recently, PbS/Se material was used as a saturable absorber, offering huge promise for
photonics. However the research is only at an initial stage with major challenges around stability
of the material.

SWNTSs have been utilised as an efficient saturable absorber for fibre and solid state lasers since
the first demonstration in 2003. This is due to the large fraction of semiconducting tubes typically
presented within the initial fraction of SWNTS. Importantly, the tube's diameter is proportional to
the energy band gap. Thus SWNTs can be synthesized or sorted by means of diameter with the
optical properties needed for specific applications. Moreover, the heterogeneity of material,
disadvantageous in many electronic applications, gives an opportunity to generate sub picosecond
pulses in very broad spectral ranges, which mostly limited by gain spectral profile of active media.
Initially, it is necessary to have a high linear absorbance at the wavelength of incident light, which
could be achieved by increasing the nanotube concentration within the saturable absorber. This
will lead to increase in the modulation depth of SWNT saturable absorbers. However, a high
concentration of SWNTs within a composite causes nanotube bundles formation, and hence an
increase of scattering losses [125]. The composite surface reflection, absorption of the polymer
matrix, SWNTs impurities, and the surfactant at the wavelength of use are other factors
contributing to non-saturable absorption [6].

Finally, the excitonic nature of the energy transitions of SWNTS, together with fast relaxation in
SWNTs bundles define a sub-picosecond recovery time for SWNTs saturable absorbers. The
overall level of nonlinear absorption effects ranging from several per cent up to 30% depending on

fabrication techniques.
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SWNTSs are usually integrated into fibre laser cavities through optically driven deposition of CNTs
onto the fibre face from the SWNTs dispersion, or from a liquid polymer’s composition or by
sandwiching SWNT composite films in fibre connectors. The first method has certain
disadvantages such as the dominant distribution of tubes around fibre core, which leads to
variations in the thickness of the SWNT layer from the centre to the edge. This will significantly
contribute to overall non-saturable losses. The saturable absorber in the form of SWNTs-polymer
composite thin film offers a number of advantages such as controllable concentration and size of
SWNTs bundles, and the thickness of the film. Also, various optically transparent polymer
matrixes (such as PVA, polycarbonate, and polyimide) will offer low saturable absorption in
various spectral ranges. Such composites can be simply integrated into fibre cavity by attachment
to a fibre face or the surface of a D-shaped fibre with optical adhesive.

Importantly, many efforts have been directed towards evaluation of graphene saturable absorbers
in similar configurations to SWNT lasers. However, the lack of stability in generation means
SWNTSs are still the primary choice in saturable absorption applications.

In the current chapter, advanced mode-locking regimes in Yb, Er, Tm fibre lasers are demonstrated
(1000 - 1900 nm) with well-designed saturable absorbers based on SWNTs with diameter from 0.8
to 1.4 nm.

4.2 CNT saturable absorber as mode- locker for ultrafast lasers

Laser mode locking by saturable absorbers (SA) based on SWNT [50] has recently attracted a
great deal of attention. An important advantage offered by SWNT-based SAs compared to
semiconductor-based saturable absorber mirrors (SESAM) is in their substantially simpler and cost
efficient fabrication technology [126]. In addition, over the last few years SWNTs have become
more accessible and now feature diverse parameters. This stimulates research aimed both at [1]
identification of the most efficient types of SWNT and the methods of their synthesis,
development of optimal matrices or substrates for fabrication of SWNT-based SAs, and [2] finding
the optimal operational conditions for application of SWNTSs as SAs [12,127-139].

SWNTs in liquid solution as a mode locker have been little studied [12]. So far, only
Dimethylformamide (DMF) solution [47] and poly-methyl-methacrylate (PMMA) [140] have been
investigated for fibre laser mode locking. II’chev et al. demonstrated SWNT in heavy water for
erbium glass laser mode locking [141]. Although Martinez et al. achieved a robust design with an
in-fibre microfluidic device [47], SWNT in DMF solvent may show undesired properties resulting
in agglomeration of CNTs which may lead to unstable laser mode locking. In case of [140], a

specialty hollow core fibre has been demonstrated for accommodating CNT to achieve an in-fibre
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mode locking regime. Nevertheless, the introduction of specialty fibre may create issues such as
low robustness and high cost packaging. In this experiment described here a fibre laser mode
locked by CNT dissolved in NMP solvent with a filled in-fibre micro-chamber is proposed and
demonstrated. SWNTs dispersion can also be stabilized by additions of polymer such as
polystyrene-block-polybutadiene-block-poly (methyl methacrylate) (SBM) triblock terpolymer.
Such techniques play a key role in the achievement of a saturable absorber with predefined
ultrafast recovery time, low saturation intensities, and non-saturable losses.

Furthermore, numerous mode-locking techniques have been developed and ultrafast pulse
generation has been achieved in a wide range of wavelength bands, and SWNT-SA thin films have

expanded various laser configurations.

4.3 Experimental methods and preparation

4.3.1 SWNT solution as mode- locker for ultrafast lasers

We used purified HiPco SWNTSs for the preparation of the SWNT solution. The 1.14 mg of HiPco
SWNTs were placed in 10 ml of NMP solvent and sonicated for one hour at 21 kHz and 250 W. In
order to obtain homogeneous samples of SWNT in NMP solvent, the resulted dispersion was
subjected to ultracentrifugation. 1.66 mg of SBM polymer was added to 10 ml SWNT-NMP
dispersion. The SBM polymer works as a stabilizer for the dispersion. For the SWNT saturable
absorber preparation with surfactant, the HiPco SWNTs were ultra-sonicated for 1 h at 170 W in
NMP with the presence of Triton X-100 non-ionic surfactant. As a normal procedure for
preparation SWNTs dispersion and to remove residual bundles, the dispersion was placed in

centrifugation at 30 k rpm for 2 hrs.

Figure 4-1, shows the optical absorption spectra of the SWNTs -NMP dispersion with and without
SBM. There is no immediate effect of SBM addition on optical absorption. However, there is a
significant drop in the band intensities of samples without SBM after 1 week, while the band
intensities of sample with SBM do not show any degradation in optical properties. It may be that
SBM works as an efficient wrapping agent preventing the aggregation of SWNT, which is
observed for samples without SBM. The multi-peak absorption in the spectral range 1000 - 1600
nm corresponds to absorption of semiconducting SWNTSs with diameters ranging from 0.8 to 1.3
nm. The intensities of the bands indicate the presence of SWNTSs of specific chiralities at different
concentration. Although the most intense bands are centred at approximately 1200 nm and 1300

nm, the spectrum also shows strong absorption at approximately 1550 nm, which is due to the
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presence of SWNTs with diameters around 1.2 nm, which will be responsible for the strong
saturable absorption allowing mode-locking of the fibre laser.
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Figure 4-1 Absorption spectra for SWNT-NMP dispersion with and without SBM polymer.
To verify that the band at approximately 1550 nm represents SWNTSs with diameters around 0.8 to
1.3 nm the solution was investigated by PL excitation—emission spectroscopy. The PL map in
Figure 4-2 shows a number of resonance features broadly distributed between 950 and 1600 nm.
The PL emission in this spectral range is due to the presence of isolated semiconducting SWNTs
of different chiralities or from small SWNTs bundles [39,41]. A chirality assignment (n,m) of

specific tubes was performed. The result is shown in the section 4.4.1 and confirms the presence of

a large fraction of semiconducting SWNTSs.
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Figure 4-2 Photoluminescence map of the SWNT solution with SBM polymer.
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Finally, the resulting SWNTs dispersion with SBM polymer or with surfactant was placed into the
fibre micro-channel with 25 pm diameter, which is shown in Figure 4-3. The fabrication of the in-
fibre micro-chamber was carried out through femtosecond laser micromachining followed by

selective chemical etching of the modified area.

Figure 4-3 Microscopic pictures of the femto-second machined in-fibre micro-chamber in a standard SMF 28
fibre.

Figure 4-4 illustrates the schematic configuration of the CNT mode locked EDFL. The laser
cavity contains approximately 1 m of highly doped Erbium fibre (EDF) as the gain medium (80
dB/m nominal absorption at 1530 nm), A 976 nm diode laser is used to pump the EDF through a
980 nm/1550 nm wavelength division multiplexer (WDM), two polarization independent fibre
pigtailed isolators are employed to ensure single direction oscillation of the fibre laser operation,
an in-line polarization controller (PC) is used to optimise the mode locking conditions. The total
length of laser cavity with extra single mode fibre (SMF) is approximately 88 m and a 50:50
coupler is employed to couple out 50% of the laser light. An optical spectrum analyser (ANDO
AQ6317B), an autocorrelator (Pulsecheck) and an oscilloscope (Tektronix) were used to study the

laser characteristics.
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Figure 4-4 Schematic illustration of the proposed CNT mode locked EDFL.

4.3.2 SWNT composites as mode- locker for ultrafast lasers

Laser mode locking by saturable absorbers (SA) based on SWNT [50] has recently attracted a
great deal of attention. An important advantage offered by SWNT-based SAs compared to
semiconductor-based saturable absorber mirrors (SESAM) is in their substantially simpler and cost
efficient fabrication technology [126]. In addition, over the last few years SWNTs have become
more accessible and now feature diverse parameters. This stimulates research aimed both at [1]
identification of the most efficient types of SWNT and the methods of their synthesis,
development of optimal matrices or substrates for fabrication of SWNT-based SAs, and [2] finding
the optimal operational conditions for application of SWNTs as SAs [12,127-139]. Furthermore,
numerous mode-locking techniques have been developed and ultrafast pulse generation has been
achieved in a wide range of wavelength bands, and SWNT-SA thin films have expanded various

laser configurations.

Efficient absorption of CNTs at a specific wavelength is determined by the band gap of the
specific chiralities of semiconducting single wall CNTS. To achieve efficient saturable absorption,
it has been shown that the peak wavelength of the SWNT absorption spectrum should coincide

with the wavelength to be used [142]. The wavelength of the absorption peak of SWNTSs is
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controllable as a function of tube diameter [4,5]. Different kinds of SWNTs have been used (see
table 1-1). SWNTSs were dispersed in water by surfactant assisted sonication and the large SWNT
bundles were removed by filtration through a glass microfibre filter or by being subjected to
ultracentifugation for one hour at 25 k r.p.m at 17 °C. Several grams of PVA powder was added to
water and dissolved. Then both resulting SWNTs dispersions were mixed at a ratio of 3:1 with the
PVA solution. The prepared suspension was poured into a petri dish and the water gradually
evaporated over the period of one week. The black film formed was removed from the petri dish
and hence a freestanding film was obtained. By altering the concentrations of SWNT and PVA in
water, the thickness and absorbance of the SWNT-PVA film were controlled. The resulting

dispersion was used to produce a SWNT- composite with polyvinyl alcohol (PVA) polymer [142].

CNT PVA film saturable absorbers were used under name F-CNT PVA and C-CNT PVA for the
filtration and centrifugation processed CNTSs respectively. The resultant film thicknesses were 85
pum and 75 pum for C-CNT PVA and F-CNT PVA respectively. The performance of the saturable
absorbers is characterized by the absorption spectrum as shown in Figure 4-5, which shows that
the F-CNT PVA has higher absorption than the C-CNT PVA sample. This means that the
concentration of CNTSs is much higher in the F-CNT PVA sample than in the C-CNT PVA sample.
As both CNT PVA samples are prepared with random orientation of CNTSs, they are expected to
have very low polarization dependency. Pronounced absorption at 1.5 pm can be seen in the

absorption spectrum for both samples.
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Figure 4-5 Absorption spectrum of the CNT-PVA sample [143].
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Figure 4-6 illustrates the schematic configuration of the CNT mode locked EDFL. The EDFL
constitutes approximately 80 cm of highly doped erbium fibre (EDF Er80-8/125 from Liekki) as
the active medium, which has a nominal absorption coefficient of 80 dB/m at 1530 nm. One fibre
pigtailed isolator (OIS) is employed to ensure single direction oscillation of the laser, so the laser
is forward pumped through a grating stabilized 980 nm laser diode (LD) using a 980 nm/1550 nm
wavelength division multiplexing (WDM) with a maximum output power of 500 mW. One set of
commercial diode laser driver and controller (from Thorlabs) is employed to stabilize the
performance of the pump. 50% light is coupled out the laser cavity via a standard fused fibre
coupler. An in-line polarization controller (PC) is employed to optimize the intracavity
birefringence of the laser cavity. The CNT mode locker was incorporated into the laser cavity via
the popular sandwiched structure using two standard fibre connector ferrules, and an index
matching gel (n = 1.452) was applied between the ferrules to minimize transmission loss. This pre-
packaged saturable absorber is then connected into the laser cavity via fusion splicing to maintain
the all fibre configuration. The total length of the laser cavity is approximately 8.4 m. This
corresponds to a fundamental repetition rate of approximately 24.66 MHz and roundtrip time of

approximately 40.55 ns [143].

The overall cavity dispersion is estimated to be approximately +16.8 ps/nm/km indicating an
anomalous dispersion regime and respective soliton pulse formation. The output beam is
characterized via a low noise photodetector (Newfocus 1 GHz), a high speed sampling
oscilloscope (LeCroy Wavepro7Zi, 40 Gb/s sampling rate) and an electrical spectrum analyzer
(HP8652). The pulse duration is measured by a commercial optical autocorrelator (APE
PulseCheck) without any amplification and an optical spectrum analyzer (ANDO AQG6317B) is

used to record the optical spectra with 0.05 nm resolution.

980nm Pump
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EDF
WDM
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m OIS
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50:50 Absorber
Coupler ‘
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Figure 4-6 Schematic configuration of the CNT PVA based HML EDFL [143].
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4.4 Results and Discussion

441 SWNT-polymer-NMP mode locked fibre lasers

A possible application of SWNTs-SBM-NMP solution as a passive mode locker in Erbium doped
fibre lasers was investigated. Figure 4-7 (a) shows the optical spectrum of the mode locked fibre
laser with clear Kelly sidebands indicating soliton pulse formation. This is mainly from anomalous
dispersion cavity, which can support soliton pulse propagation. The central wavelength of the
spectrum is approximately 1571 nm. Figure 4-7 (b) shows the measured autocorrelation trace of
output pulse with a full width at half maximum (FWHM) of approximately 3.93 ps, indicating a

pulse duration of approximately 2.55 ps.
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Figure 4-7 (a) Output optical spectrum, (b) Autocorrelation trace.

A typical mode locked pulse train was observed from the oscilloscope as shown in Figure 4-8.
This also shows that the laser operates at its fundamental repetition rate of approximately 2.3MHz
with a pulse interval of approximately 428 ns. Therefore, a SWNTs-SBM NMP solution facilitated
ultrafast mode locked fibre laser with pico-second output pulse duration has been demonstrated.
However, the laser based on a mode-locker with SWNT-SBM-NMP dispersion provides shorter
pulses compared with one previously described employing a dispersion of SWNT-Triton X 100-
NMP dispersion as a mode-locker, generated pulses with duration 5 ps [144]. Furthermore, the
output power of the laser in this experiment was approximately 37 mW, which is much higher than
using a conventional saturable absorber such as a semiconductor saturable absorbing mirror

(SESAM) or CNT embedded polymer matrix.
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Figure 4-8 A typical output pulse train with approximately 2.3MHz repetition rate.

4.4.2 Polarization insensitive in-fibre mode-locker based on CNT-NMP

This type of low loss saturable absorber shows stable generation of a soliton pulse while
maintaining capability to dissipate heat hence leading to stable high energy pulse generation. One
important property of this type of mode locker is polarization insensitivity. Previously, a tapered
fibre based polarization insensitive mode locker had been reported [48] for polarization insensitive
mode locking. However, the in-fibre micro-chamber based saturable absorber has advantages
which could preserve the mechanical strength, geometry, and polarization insensitivity. The
presence of metallic tubes amongst SWNTSs bundles is important for realization of the ultrafast
absorption recovery (<l ps), because in bundles containing both metallic and semiconducting
SWNTs, non-radiative relaxation is achieved by charge tunneling from semiconducting to metallic
tubes [44].

The absorption spectrum of CNT solution subtracted from the absorption of pure NMP is shown in
Figure 4-9. It shows the typical multi-peak structure between 1000 and 1600 nm, which
corresponds to the absorption of semiconducting SWNTs with a diameter distribution between 0.8
and 1.3 nm. No obvious agglomeration of CNTs has been observed even during observation over

several months.
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Figure 4-9 Absorption spectrum of the CNT-NMP saturable absorber measured by a wide band spectrometer
[145].

Figure 4-10 shows the measured insertion loss (IL) and polarization dependent loss (PDL) of the
micro-chamber with and without the CNT NMP solvent. The micro-chamber exposed in the air
shows an approximately 3 dB insertion loss. The oscillation appeared across the spectrum range
from the Fabry-Perot effect produced by the two edges of the micro channel shown in Figure 4-3.
When the CNT-NMP solvent is inserted onto in the micro channel, it is clearly seen that the
insertion loss has decreased to approximately 0.5 dB with alleviation of the Fabry-Perot effect.
This is due to the refractive index matching the induction of the solvent. It further indicates a low

loss saturable absorber.
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Figure 4-10 Measured IL and PDL of the in-fibre micro channel when it exposed to the air and filled with CNT
NMP solvent [145].

Figure 4-10 also shows the PDL of the device, which is less than 0.5 dB across the whole
wavelength range from 1520 nm to 1600 nm. This proves that the saturable absorber is
polarization insensitive. Figure 4-11 shows a typical output optical spectrum of the EDFL centered
at approximately 1564 nm with a spectral bandwidth at a full width half maximum (FWHM) of
approximately 0.24 nm. The Kelly side bands indicate fundamental soliton shape of the output

pulses.
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Figure 4-11 Output optical spectrum with pronounced Kelly side bands indicating soliton pulse shape [145].
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The output pulses were then directly fed through a commercial autocorrelator without any pre-
amplification. The measured autocorrelation trace corresponding to the pulse duration of
approximately 3.37 ps is shown in Figure 4-12.
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Figure 4-12 Measured autocorrelation trace of the output pulse showing pulse duration of ~3.37 ps [145].

A typical pulse train is shown in Figure 4-13 with approximately 428 ns interval between the two
adjacent pulses, giving a repetition rate of approximately 2.3 MHz. The EDFL is pumped at
approximately 300 mwW which allows approximately 29 mW output power corresponding to an
energy of approximately 12.4 nJ. It should be noted that this is a much higher level than the fibre
laser mode locked by a solid format CNT previously reported [48].

The result further confirms that CNT solvent is feasible for a high energy mode locked fibre laser

[47]. It was also found that CNTs dispersed in NMP solvent are not apt to agglomerate, as samples

are still able to mode lock fibre lasers after several months.
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Figure 4-13 A typical pulse train of the EDFL with a repetition rate of approximately 2.3MHz showing a pulse
interval of approximately 420 ns [145].

The mode locker fibre laser was operated for more than 24 hours in laboratory conditions, with no
obvious fluctuations observed for either the optical spectrum or pulse duration. However, one
major issue for such kind of saturable absorber is the evaporation of NMP and moisture adsorption
in the solvent. Therefore, in a case where the saturable absorber has to be exposed to air for a long
time, (weeks or months) the evaporation and moisture adsorption would be able to affect the
thermodynamic equilibrium in the solvent, resulting in CNT aggregation. Hence, this may induce
significant scattering loss in the laser cavity which would be detrimental to the laser mode locking.
It may be that with proper packaging, a highly stable high energy mode locked fibre laser made
from CNT in NMP solvent will have many applications in the future.

4.4.3 Passively harmonic mode locked erbium doped fibre soliton laser with carbon
nanotubes based saturable absorber

Recently, SWNTSs have attracted a lot of attention due to their high optical nonlinearity and fast
recovery time as a saturable absorber in a mode locked erbium doped fibre laser (EDFL)
[43,127,146]. Since then, various techniques and configuration have been investigated as CNT
mode lockers in EDFL. CNTs embedded in various kinds of polymer matrix as a mode locker have
been extensively studied [12,36,147-152] including high power [153], wavelength tunable [154]

and pulse duration tunable [155] lasers. Passive mode locking has been extensively used and
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studied to generate ultra-short pulses in fibre lasers. To generate high repetition rate pulses in
mode locked fibre lasers, one could employ either a short cavity (which could be centimeter scale)
or harmonic mode locking (HML). Although a short cavity fibre laser would provide robust design
and compact configuration, those do rely on a short piece of high gain fibre which inherently limits
the output power of the laser and makes them cumbersome to manipulate. HML, however,
removes the difficulty in dealing with centimetre scale fibber devices while maintaining a high
repetition rate performance. A 10 GHz repetition rate soliton fibre laser was demonstrated based
on HML through nonlinear amplifying loop mirror [156]. Nonlinear polarization rotation (NPR)
based HML soliton fibre lasers have been demonstrated showing a sub-picosecond timing jitter
around the 500 MHz repetition rate [157,158]. A hybrid SA-based HML fibre laser has also been
studied indicating the possibility of hundreds of HML orders at a GHz rate [159].

A stable 2.6 GHz HML fibre laser using a short piece of high gain fibre with a semiconductor
saturable Bragg reflector has also been reported [160]. A 3 GHz HML double cladding fibre laser
with 54 mW output power has been demonstrated recently using NPR [161]. This investigation of
a CNT-PVA film based HML of an EDFL uses the direct contact method. Based on the different
preparation procedure of the CNT-PVA samples, we have evaluated the performance of filtrated
and centrifugated CNT-PVA film in an EDFL for passive HML. The demonstrated laser is able to
show stable operation at its 10th harmonic, a 245 MHz repetition rate, with an output power of
approximately 12 mW. In particular, the filtration-prepared CNT sampled mode locked EDFL
shows a relatively low timing jitter of below 10 ps at almost all harmonic orders. We have also
characterized the time bandwidth products (TBP) of the laser with both samples at all harmonic

orders showing pulse chirp properties.

The laser behavior with the F-CNT PVA saturable absorber was examined first. The laser mode
locking self-started at a pump power of approximately 42.5 mW with a fundamental repetition rate
of approximately 24.66 MHz regardless its initial polarization status. The higher threshold
compared to some previous results may be due to the high gain fibre and higher output coupling
ratio [162,163]. As pump power is increased, the laser repetition rate continues to increase with
multiple integers of the fundamental frequency indicating HML. At lower harmonic orders (2nd &

3rd), stable pulsing can be found by simply increasing the pump power.

For harmonic orders greater than 3, stable pulsing may be achieved by tuning the PC. Figure 4-14
(a) shows the evolution of the optical spectrum of the laser output from the fundamental frequency
to the 9™ order HML with a bandwidth around approximately 4 nm and central wavelength of
approximately 1563 nm. The characteristic Kelly side bands can be observed throughout the

increase of pump power indicating soliton pulse shaping for all orders of HML. Timing jitter is a
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critical parameter for HML fibre lasers. In order to characterize the timing jitter, a method similar
to previous researchers [164] was used to perform the measurement. A 3 dB coupler was used to
feed 50% of the laser output to another identical photodetector that connected into the second
channel of the oscilloscope as a data clock. The timing jitter was then calculated by the built-in
program of the oscilloscope. The measured timing jitter at 221 MHz, 9th harmonic order was
approximately 4.8 ps. The 9th HML laser was stable at this pump power without any noticeable
degradation of performance under laboratory conditions for several minutes. Figure 4-14 (b) plots
the timing jitter and output energy against the harmonic order. In Figure 4-14 (b), one can see that
the timing jitter is below 10 ps for all harmonic orders while the output pulse energies are from 35
to 56 pJ which is higher than the energies previously reported [33,34]. Figure 4-14 (c) shows pulse
duration and time bandwidth product (TBP) as a function of the harmonic order. It is shown in
Figure 4-14 (c) that at all harmonic orders, the pulses are slightly chirped with a pulse duration of
approximately 1 ps. Figure 4-14 (d) shows the radio frequency (RF) spectrum of the 9th order
HML laser pulses with 221 MHz repetition rate at 141 mW pump power. In the RF spectrum, the
background noise (SNR) was suppressed by 68 dB while the supermode suppression (SMSR) ratio
was approximately 40 dB. The measured pulse duration was approximately 0.877 ps with an
average output power of approximately 12.38 mW. This output power is an order of magnitude
higher than the previous result [162]. The 3 dB bandwidth of the output optical spectrum is
approximately 3.89 nm indicating a TBP of approximately 0.41 of the output pulses. This value is
slightly higher than the theoretical transform-limited value of 0.32 for soliton pulses, which shows
that the pulse is chirped. For all orders of HML, the measured SMSR from RF spectra are between
30 dB and 40 dB. At 156 mW pump power, the laser can operate at its 11th HML but with a higher
timing jitter approximately 27 ps. It has been observed that multiple pulsing instability occurs
when the pump power is further increased. The F-CNT PV A sample also suffers potential thermal
damage at pump power levels beyond this point due to its polymer nature. Once the stable HML
condition is found, it was observed a hysteresis phenomena due to soliton stability while
decreasing the pump power, which means the harmonic order is maintained to a certain level

during the pump power alleviation process [165] it has been previously observed.
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Figure 4-14 F-CNT-PVA mode locked EDFL (a) Evolution of optical spectrum under different pump power; (b)
measured timing jitter (black solid square) and output energy (blue empty square) against the harmonic order;
(c) measured pulse duration (black solid square) and time bandwidth product (blue empty square) over the
harmonic order; (d) measured RF spectrum of the 9th HML at 221 MHz [143].

Next the C-CNT-PVA sample was examined for HML in the same EDFL by replacing the F-CNT-
PVA sample with C-CNT-PVA at the end of the fibre ferrule. The laser showed the same threshold
level and fundamental repetition rate. The laser with C-CNT-PVA could support a maximum of 10
harmonic orders at a pump power of 141 mW showing a repetition rate of 245 MHz. Figure 4-15
(a) shows the evolution of the optical spectrum of the laser from the fundamental frequency to its

10th harmonic order.

A similar central wavelength of 1563 nm is described compared to the laser with F-CNT-PVA
sample. The SMSR for all harmonic orders with C-CNT-PVA is between 39 dB and 49 dB. The
timing jitter and output pulse energy against the harmonic order are depicted in Figure 4-15 (b).
Figure 4-15 (b) indicates that with the C-CNT-PVA sample, the EDFL shows a similar timing
jitter performance and slightly lower output pulse energy compared to the F-CNT-PVA sample
based laser. It can be seen that for the 7th order HML, the timing jitter is approximately 16 ps,
which is much higher than the other harmonic orders. The reason for this is still unknown. In
Figure 4-15 (c), the pulse duration and TBP against the harmonic order are illustrated which shows
the C-CNT-PVA sample based EDFL outputs at similar pulse duration with slightly lower chirp.
Figure 4-15 (d) shows the RF spectrum of the EDFL at its 9th harmonic order with 221 MHz
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repetition rate. At the 221 MHz repetition rate, the EDFL presents a SMSR of 40 dB with a SNR
of 48 dB. Multiple pulsing was also observed when the pump power was in excess of 141 mW for
the C-CNT-PVA sample. Further driving of the pump power may induce thermal damage to the
CNT sample.

As described previously, the harmonic order is defined by the pump power and is limited to around
10. Confirming the discussion of pervious researchers [163], the evanescent field based CNT
saturable absorber is able to support much higher harmonic orders. However, the CNT polymer
films have the advantage of ease of manipulation and low cost. It is expected that a higher
repetition rate could be mode locked by the CNT polymer films when cavity dispersion is properly
managed. Moreover, the concentration of CNT may also affect the HML. For both samples, at its
maximum harmonic order, the laser is stable for a few minutes, and this could have been because
the high pump power damaged the PVA film which caused degradation of the CNT sample. For
lower harmonic orders, with both samples, the laser gave stable performance over a duration of
hours under laboratory conditions.

The principle of harmonic mode locking is still under debate. Grudinin et al [159] proposed that an
acoustic effect plays an effective role in laser harmonic mode locking. Kutz et al [166] justified
that the gain recovery could dominate the behavior of harmonic mode locking.
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Figure 4-15 C-CNT-PVA mode locked EDFL (a) evolution of optical spectrum under different pump power; (b)
measured timing jitter (black solid square) and output energy (blue empty square) against the harmonic order;
(c) measured pulse duration (black solid square) and time bandwidth product (blue empty square) over the
harmonic order; (d) measured RF spectrum of the 9th HML at 245 MHz [143].
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4.4.4 Spectrum-, pulse width-, and wavelength switchable all-fibre mode-locked Yb
laser with fibre based birefringent filter

Control of spectral width and pulse duration of the SWCNT mode locked Yb fibre laser were
investigated using fibre Lyot filter (FLF) [167]. It is important that there are fewer possibilities for
controlling pulse duration in all-fibre mode locked Ytterbium lasers in comparison with all-fibre
mode-locked Erbium lasers, since there are no standard and commercially available non-expensive
fibres with anomalous dispersion for the 1-1.1 pum spectral range. Compensation of positive
dispersion in all-fibre Yb laser cavities is done either by using specialty fibres such as micro-
structured fibre [168], long period gratings in higher order mode fibre [169], tapered fibre [170], or
hollow-core photonic band-gap fibre [171] or by means of chirped fibre Bragg gratings also acting
as spectral filters [172,173]. Although these methods provide the possibility of control over pulse
duration, they suffer from different drawbacks: e.g. effective splicing micro-structured fibre to
standard fibre is still an issue; and the tapered fibre core immediately exposed to the air may cause

extra loss.

Figure 4-16 shows the schematic diagram for the all-fibre Yb ring laser. The laser cavity was
constructed using standard single-mode fibres based components. Approximately 30 cm of single-
mode Yb fibre with 1200 dB/km absorption at 975 nm was employed as the gain medium. Pump
injection and single direction oscillation of the laser was performed by an integrated a wavelength
division multiplexer with built-in optical isolator IWDM). A 70/30 fused coupler was used to tap
out the radiation from the ring resonator. The SA was represented by a polymer film containing
SWNT. One piece of PM fibre was added between the IWDM and SA to serve as a fibre based
Lyot filter if the cavity also consisted of elements with PDL. In the cavity PDL was inserted by
fused IWDM and fused coupler. An in-line PC was used to fine-tune the birefringence of the laser
cavity, which can otherwise lead to changes in a mode-locked regime. The total length of the laser

cavity is 2.7 m corresponding to a fundamental repetition rate of 77 MHz.
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Figure 4-16 Diagram of the all-fibre mode-locked Yb laser. Cross marks indicate fibre splices [174].

The absorption spectrum of the SWNT sample subtracted on absorption of PVA is shown in
Figure 4-17. Two near-IR bands centred at 1030 and 1160 nm, which typically indicate presence
of semiconducting SWNTSs with diameters ranging between 0.9 and 1.1 nm. The band at 1030 nm
has a FWHM of approximately 100 nm and linear absorption around the working wavelength of
the laser at 30% level. The fabricated film was clamped between two angled fibre connectors with
index matching gel to minimize Fresnel loss.
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Figure 4-17 Absorption spectrum of SWNT sample [174].

Stable single-pulse mode-locked generation was achieved at 75 mW of pumping power. As the
pumping level further increased, multi-pulsing was observed followed by Q-Switching. The
average output power of the laser was 1-2 mW depending on the settings of the PC which defines
the properties of the fibre filter. Without the PM fibre in the cavity, the measured full width half
maximum (FWHM) of the spectrum was approximately 1.2 nm. Figures 4-18 (a) and 4-18 (b)
demonstrate a laser output spectrum and pulse trains in a configuration without the PM fibre.

Generation around the wavelength 1064 nm is explained by the transmittance of IWDM that we

used.
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Figure 4-18 (a) Laser output spectrum without PM fibre in the cavity. (b) Pulse train output from the laser in the
configuration without PM fibre showing the repetition rate of 77 MHz with a pulse interval at approximately 13
ns [174].

104



To study the impact of the fibre Lyot filter on the output spectrum and the pulse duration of the Yb
fibre laser, the effects of various lengths of PM fibre were studied. The total cavity length was
increased to 4.2 m and the replacement of FLF was performed as follows. After a section of PM
fibre was spliced into the laser cavity, a piece of standard fibre of the same length was removed to
maintain a constant cavity length and dispersion. By tuning the PC, modes of the laser could be
easily locked. The output spectra of the laser with PM fibre sections 1, 1.5, and 2 m are presented
in Figure 4-19, Figure 4-20 and Figure 4-21. It can be observed that at a fixed length of the PM
fibre, tuning the PC allows tuning of the laser output wavelength. This tuning is particularly
significant for the shortest length of PM fibre (1 m). At the shortest length of PM fibre, as
predicted by our numerical calculations, we obtained the broadest output radiation spectra from the
laser: 0.9-1.26 nm. As the PM fibre length increased to 2 m, the radiation spectrum contracted to
0.15-0.31 nm. Each curve in Figures 4-19 corresponds to an output radiation spectrum measured
in mode locked operation, Figure 4-20 clearly demonstrates the dependence of output spectral

width upon the setting of the PC at a fixed length of the PM fiber within the laser cavity.
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Figure 4-19 Output spectra of the Yb laser mode locked at different settings of the PC showing different FWHM
with 1 m PM fibre in the laser cavity [174].
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Figure 4-20 Output spectra of the Yb laser mode locked at different settings of the PC showing different FWHM
with 1.5 m PM fibre in the laser cavity [174].
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Figure 4-21 Output spectra of the Yb laser mode locked at different settings of PC showing different FWHM with
2 m PM fibre in the laser cavity [174].
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Experimental data in Figure 4-21 clearly demonstrate the dependence of output spectral width

upon the setting of the PC at a fixed length of the PM fibre within the laser cavity.

Thus, changing the PM fibre length within the cavity allows control of the spectral width of the
laser output between broad limits, whereas the adjustment of PC parameters at a fixed PM fibre
length made it possible to detune the laser's output wavelength (at relatively short PM fibre length)
and to fine-tune the width of the laser output spectrum with longer PM fibre in the resonator. The
output power of the laser radiation reached 1.5 mW and the pulse repetition rate was 50 MHz. To
measure the pulse width, a scanning autocorrelator was used. For reliable signal the laser output
was amplified by a fibre amplifier [175] up to an average power of 20 mW. Figures 4-22, 4-23 and
4-24 illustrate the recorded pulse auto-correlation functions and their corresponding spectra for
PM fibres of different length. The auto-correlation function contrast indicates that the generated
pulses have a certain amount of chirp. To estimate pulses duration, a theoretical analysis of the
auto-correlation function was carried out with the chirp calculation. The corresponding results are
presented in Figures 4-22, 4-23 and 4-24.
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Figure 4-22 Resonator with a 2 m PM fibre: experimental and theoretical (red and blue envelopes) pulse auto-
correlation functions (a) and laser output spectrum (b) [174].
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Figure 4-23 Resonator with a 1.5 m PM fibre: experimental and theoretical (red and blue envelopes) pulse auto-
correlation functions (a) and laser output spectrum (b) [174].
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Figure 4-24 Resonator with a 1 m PM fibre: experimental and theoretical (red and blue envelopes) pulse auto-
correlation functions (a) and laser output spectrum (b) [174].

It can be seen from these calculations that the birefringent filter allows controlling the chirp of the
generated pulses. When a 2 m PM fibre is used in the laser cavity, the pulse duration is 2.61 ps,
which is very close to the transform limited value of 2.21 ps. For a 1.5 m PM fibre, the output
pulses exhibited more chirp: their duration was 3.8 ps, whereas the spectrally limited duration was

1.71 ps.

For a 1 m PM fibre, the pulse duration and the spectrally limited value were 2 and 1.2 ps

respectively. So, a PM fibre in a laser cavity can function as a spectral selective filter in a SWNT
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mode locked Yb fibre laser. In the presence of a PC in such a cavity, the contrast of the filter's
transmission function and the spectral position of its transmission peaks depend on the parameters

of the PC.

4.45 Higher-order soliton generation in hybrid mode-locked thulium-doped fibre ring
laser

Recently fibre lasers generating near 2 pm have attracted a great deal of attention due to a range of
possible applications. The broad gain spectral band, extending from 1850 to 2100 nm provides
more than 200 nm of available bandwidth, which is typical for thulium-doped fibres. Furthermore,
thulium-doped fibre lasers exhibit excellent power scalability and high efficiency. Thulium’s gain
spectrum covers several atmospheric transmission windows, offering numerous applications in
remote sensing, laser radar [176] and free space or hollow core fibre telecommunications [176].
Obviously for these open-space applications eye-safe radiation is desirable. This can be achieved
with thulium-doped fibre lasers due to the fact that the laser radiation at the wavelength band near
2 um is entirely absorbed before it can reach and damage the eye’s retina. This wavelength region
also includes the water absorption peaks, making such lasers a unique instrument for non-invasive
surgery [177] or ophthalmology. On the other hand, there are lots of absorption lines of green-
house gasses (CO, and N,O) around 2 um wavelength, that allow the use of thulium-doped lasers
for gas detection and analysis [178].

High power 2 um laser sources are well suited for nonlinear frequency conversion to obtain mid-
IR and THz generation. Red-shifting of the generation band provides an increase of the fibre mode
field size without sacrificing beam quality [179]. This helps to relax limitations for high-power
applications imposed by optical nonlinearities. A higher threshold of nonlinear effects in thulium-
doped fibre lasers is an advantage for high-power operation and telecommunication applications,
however, this also complicates self-starting mode-locking through fast nonlinear polarization
evolution (NPE) mechanism based on the nonlinear optical Kerr-effect in fibres. For example, to
obtain an appropriate nonlinear phase shift for mode-locking initiation, all previous research has
fouced on thulium-doped fibre lasers with a cavity length of more than 30 m [180,181]. However,
a longer laser cavity may be responsible for pulse instabilities as discussed in such cases
[182,183].

Most of current work on thulium-doped ultrafast fibre lasers has concentrated on a mode-locking
regime initiated by semiconductor saturable absorber mirrors (SESAMSs) [184], single-walled
carbon nanotubes (SWNT) [131] and graphene based [185] saturable absorbers. Application of
two simultaneous saturable absorbers, slow and fast, in a laser cavity helps to generate ultra-short

pulses with high average power, temporal purity, and high frequency stability [186]. The
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comparatively slow saturable absorber is used for mode-locking initiation as it has a lower
saturation threshold. The light modulator with a fast response time ensures efficient pulse
formation and stabilization at substantially higher powers [186,187]. It is well known that
saturable absorbers based on nonlinear optical Kerr-effect have the shortest response time,
approximately 5 fs, based on the electric field interaction with the electrons of an active medium.
Combination of NPE or nonlinear fibre loop mirrors with another saturable absorber has already
been demonstrated [188,189] giving a shortest pulse duration of 230 fs [189].

The damage threshold of optical components has been a limitation for the output power of
previous mode locked thulium doped ultrafast fibre lasers. Using a ferrule-type SWNT saturable
absorber, the demonstrated average output power was below 20 mW due to destruction of the
polymer composites [131]. So far, the highest pulse energy has been produced in a Figure-eight
laser based of the double-clad thulium-doped fibre generating 685 fs pulses with the energy as
much as 8.75 nJ [190]. A high-power and high-energy thulium doped all-fibre ring laser is
demonstrated here, hybrid mode-locked by the coactions of SWNT and NPE.

Experiments setup; Figure 4-25 presents the schematic of the experimental setup of the thulium-
doped fibre ring laser. Pump radiation from a CW single-mode laser diode at 1.55 pm has
amplified with a commercial EDFA up to 1.2 W maximum output power is launched through a
1.56/1.9 um wavelength division multiplexer (WDM) to a 1-m long thulium-doped active fibre
(TDF). A commercial in-fibre polarization dependent isolator (PD-ISO) and a pair of polarization
controllers (PC) are positioned after the active fibre to form the NPE based fast light amplitude
modulator. A polymer film with dispersed SWNTSs is used as a relatively slow saturable absorber,
typical SWNT response time of 300-500 fs [12] to ensure self-starting mode locking. This is fixed
between two angle-polished ferrules of optical FC/APC-connectors. An output coupler is
positioned before the SWNT saturable absorber to decrease incident radiation power and therefore

to prevent damage or degradation of the SWNT polymer film.

Coupling ratio was optimized during the experiment to obtain the highest lasing efficiency. The
step-index (An = 0.012) of the active thulium doped aluminium-silica glass fibre has a 10 um core
containing 0.8 percent by weight thulium and 3.6 percent by weight with aluminium and a cutoff
wavelength A. of 2.2 um. The active fibre absorption at the pump wavelength of 1.55 um was
measured as 60 dB/m providing almost entire pump absorption in one meter of the active fibre. The
second order dispersion was estimated to be R = 76 ps’/km at the wavelength of laser operation
approximately 1.9 um. The length of the laser cavity was varied from 2.7 to 22.5 m by inserting a
section of passive SMF 2000 fibre.
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Figure 4-25 Schematic setup of the hybrid mode-locked thulium doped fibre laser [191].

A - Short cavity laser

The output-coupling ratio was firstly chosen to be 50/50 so that radiation power inside the cavity
was equal to the output. The cavity length was shortened to 2.7 m corresponding to the pulse
repetition rate of 72.5 MHz [192]. To explore the roles of the two types of saturable absorber in
the hybrid mode-locking mechanism realization, the described laser was compared with another
thulium-doped fibre ring laser mode-locked with the same SWNT-based saturable absorber. Both
laser setups were built with identical components, except that a polarization sensitive isolator was

replaced by a polarization independent one. In addition only one PC was retained in the cavity.

Figure 4-26 shows (a) experimental autocorrelation traces and (b) spectra of pulses generated in
both hybrid and SWCNT-only mode-locked lasers at pump power of 320 mW. Both lasers can
achieve mode-locking easily, with a generated pulse width of 590 fs and comparable spectral
bandwidths of 6.58 and 6.78 nm respectively. The average output power of these lasers is 27 mW.
It is evident that output characteristics of both lasers were similar; the spectrum of solo-SWNT
mode locked laser is slightly red-shifted due to the difference in PC setups. This fact indicates that
the SWNTs play a dominant role in mode-locking initiation and pulse formation at low pump

powers below 400 mW, whereas the NPE threshold has not yet been achieved.

111



—— SWCNT only

15 —— SWCNT only 0 SWCNT+NPE
1 SWCNT+NPE ]
| = = Soliton approx
0.8 - -10
r 8
8 0.6 B 204
z Z
£ =
- 1
9 0.4+ 9 -30 \
£ £
0.2 - -40 4 \M’
0- T ‘ -50 ]
-2 -1 0 1 2 1,880 1,890 1,900 1,910 1,920 1,930 1,940 1,950 1,960
Time delay (ps) Wavelength (nm)

(a) (b)

Figure 4-26 Output autocorrelation traces (a) and spectra (b) at Ppymp = 320 mW [191].

Throughout the increase in pump power, nonlinearity in the laser cavity affects generation to a
greater degree and the NPE mechanism contribution to the pulse formation becomes more
pronounced. During the pump power increase, NPE smoothly maintains mode-locking operation.
However, it tends to break into non-regular multi-pulse generation and, finally, into Q-switching
operation. This results in degradation of the PVA-based polymer film. The PVA polymer was
preserved undamaged in the hybrid mode-locked laser.

Maximum average output power of 170 mW in the SWNT only mode-locked laser was achieved at
the maximum pump power of 1.2 W (Figure 4-27). However, the laser pulses were generated at
such a high-power mode for several seconds. After that the PVA-film degraded and the laser
turned to CW operation.

In the case of hybrid mode-locking, the laser can steadily generate in two different regimes
according to the polarization state adjustments giving approximately 300 mW output average
power at the same slope efficiency of approximately 32.6 % (Figure 4-28). Output pulses had
duration of 600 fs (state 1) and 1.28 ps (state 2) with spectral bandwidths of 8.7 and 3.1 nm
respectively (Figure 4-27). Time bandwidth products for both states were calculated as
approximately 0.411 and 0.316 respectively.

In both cases output spectra possess typical forms for soliton pulses with Kelly side-bands
originating from periodic spectral interference between the soliton wave and a co-propagating
dispersive wave. Due to high-intensive Kelly sidebands in the output spectrum in state 1, a pulse
contains 68 % of all generated energy giving 2.93 nJ and the peak power of 4.88 kW, respectively.
In state 2, however, side-bands contain a negligible part of the energy. The peak power in the pulse
reached 3.19 kW corresponding to the pulse energy of 4.08 nJ.

The pulse characteristics of the SWNT-only mode-locked laser were close to above-mentioned

state 1. The laser generated 600 fs pulses with a spectrum bandwidth of 10.86 nm and time
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bandwidth product of 0.54. It should be noted that a sharp spike at 1905 nm was observed in the
spectrum (Figure 4-27 (b), green plot) showing that the mode locking operation was not complete
and a high-power CW component is transmitted through the laser cavity. Pulse peak contains 65 %
of all generated energy according to spectrum integration, corresponding to a value of 1.34 nJ and
a peak power of 2.24 kW.
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Figure 4-27 Output autocorrelation traces (a) and spectra (b) at Ppymp = 1.2 W [191].
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Figure 4-28 Laser slope efficiency [191].
The slope efficiency of SWNT only mode-locked laser was measured to be 23.7 % (Figure 4-28).

It is worth noting that the pump radiation was entirely absorbed by the active fibre. This was
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proved by monitoring the average power at the wavelength of 1.55 pm, which did not exceed

several milli-watts at the laser output when the pump power was higher than 1 W.

The long-term stability of the proposed laser was also studied. The laser generating 1.28 ps pulses
at a 300 mW output power exhibited stable output under the laboratory conditions for 10 hours
(Figure 4-29). The optical spectra of the laser were recorded at a 10-min interval. No obvious
change was observed for the soliton parameters, such as the central wavelength, 3 dB spectral
bandwidth, Kelly sideband positions and the spectral peak powers. Also, no obvious damage or
degradation of SWNT polymer films was observed even when the same sample was used for self-
starting mode locking the next day after several power cycles. The laser could effectively resist
mechanical effects and perturbation. Considering the output coupling ratio of 50%, the radiation
energy transmitted along the laser cavity to the SWNT module is equal to the output one, and rises

to 4.08 nJ in the case shown in Figure 4-29.
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Figure 4-29 Pulse stability during 10 hours of continuous work at Ppym, = 1.2 W [191].

Thus the PVA based SWNT polymer composite film could endure an optical fluence of at least

3.46 mJ/cm’” without any significant damage, verifying its strong thermal stability.
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With the pump power increase, no gain saturation was observed for pump powers higher than 1.2
W. Thus it is expected that through further laser cavity optimization on the saturable absorption
parameters and with careful polarization adjustment, mode locked pulses of significantly higher
pulse average powers and shorter duration could be generated, giving rise to higher pulse energy.

B- Long cavity laser

To achieve higher output energy and reduce the energy fluence transmitting through the PVA-
based polymer film with incorporated SWNTSs, 50/50 output coupler was replaced by a 30/70
coupler providing 70% output for generated energy. By careful initial PC adjustment, self-starting
mode-locking was achieved at a pulse repetition rate between 6.37 and 9.6 MHz, which
corresponds to a laser cavity length ranging between 31.4 and 20.8 m. Once the mode-locking was
realized, polarization tuning was no longer needed during the pump power increase. The laser ran
steadily for hours without any perturbation under laboratory conditions. In the whole available
pump power range, the laser operated in the single pulse regime with no pulse breaking, Q-
switching or multiple pulse operation observed. By changing the length of SMF-2000 inside the
laser cavity lasing efficiency varied in a range from 11.2 to 17.46 % whereas output pulse duration
at a maximum pump power of 1.2 W altered over a range between 640 and 875 fs respectively as
is shown in Figure 4-30. A maximum efficiency of 17.46 % was obtained with a cavity length of
21.6 m. In this case the laser generated 840-fs pulses with a maximum average output power of
126.4 mW. The lasing slope efficiency in this case is depicted in Figure 4-28 (green plot). It is
worth noting that power saturation was not observed even at the highest pump powers, meaning

that it could be further increased.
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Figure 4-30 Output pulse parameters evolution by varying the cavity length [191].
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The measured autocorrelation trace and spectrum of generated pulses in this case are presented in
Figure 4-31 (blue solid line). The laser output spectrum possesses well-resolved Kelly sidebands,
showing soliton pulse generation. It can be seen in Figure 4-31 (a) that the autocorrelation trace
contains a noncompressed pedestal part. Nonlinear pulse chirp causes deviations from the ideal
soliton pulse (see sech? approximation in Figure 4-31). By examining the output characteristics it
was found that the pulse peak contains just 80% of the generated energy. Assuming a pulse
repetition rate of 9.26 MHz, the pulse energy is estimated to be 10.92 nJ corresponding to a peak
power of 13 kW.
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Figure 4-31 Output autocorrelation trace (a) and spectra (b) of the laser pulse at pump power P, = 1.2 W and
cavity length L =21.6 m [191].

To compress the pulse, the SMF-28 fibre section of variable length in the range from 2.5 to 5 m
was inserted at the laser output as in previous work by other researchers [193]. The laser output
parameters were strictly fixed during these experiments. The evolution of the shortest output pulse
duration by varying cavity length is presented in Figure 4-30 (dashed plot). As is shown, the
shortest pulse duration of 500 fs was achieved in the 21.6 m cavity length using 4.9 m long
external fibre line giving a compression factor of 1.5X. This cavity length corresponds to the
highest lasing efficiency as is shown in Figure 4-30. However, due to losses caused by external
section of SMF-28 fibre, average output power decreased down to 117 mW.

The autocorrelation trace and spectrum of the compressed pulse are presented in Figure 4-31 (red
traces). Though the pulse peak can be accurately approximated with a sech2 function, the pulse
contains low intensive pulse pedestal (Figure 4-31 (a)). By autocorrelation traces and pulse spectra
integration along with corresponding soliton function integration it was calculated that the pulse
peak contains 86 % of the entire generated energy, reaching 10.87 nJ at a 9.26 MHz repetition rate,

which corresponds to the pulse peak power as high as 21.7 kW.
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Assuming that 70 % of the entire generated energy was coupled from the laser cavity, the pulse
energy of 3.28 nJ was launched to the PVA-based polymer film with incorporated SWNT.
According to previous experiments on the long-term stability, the polymer film possesses enough
thermal reliability to ensure stable mode-locking at such high energies.

In conclusion, SWNTSs have been used as saturable absorbers in the near IR spectral range in form
of dispersion and composites for generation of ultra-short pulses with fibre lasers. We designed
and developed new mode-locked devices based on SWNT-NMP with addition polymer solution
filled in-fibre micro-chamber. A high stable pulse generation was showed. We developed and used
SWNT-PVA films for mode-locking of Ytterbium, Erbium and Thulium-doped fibre laser in a
spectral range 1000- 1800 nm. A harmonic mode locking (HML) of an Erbium-doped fibre laser
was demonstrated. Generation of ultra-short pulses was achieved from Ytterbium-doped fibre
laser. A hybrid passive mode-locked Thulium-doped all-fiber soliton laser was demonstrated.
Application of SWCNTs-based saturable absorber (as comparatively slow one) facilitates mode-
locking startup whereas the fast NPE mechanism based on the nonlinear optical Kerr effect
allowed achieving high average output power and pulsing energy with the high long- and short-

term stability.
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Chapter 5




5. Conclusion

In conclusion, the CNT is a new material with unique optical properties, which has potential for
use in various photonic applications. The initial motivation of this work was broadly to examine
the optical properties of SWNTSs and their photonic applications. The work demonstrated in this
thesis has shown a number of key achievements in a range of areas including bundle engineering
of SWNTs, photoluminescence intensity enhancement and the novel photonic applications of

SWNT solution and composites.

The main scientific result of chapter 2, the work has progressed from initial trials for non covalent
functionalization of carbon nanotubes and development of new dispersing agents (dispersants) for
carbon nonmaterial (CNMs). | have shown that ions have a significant impact on CNT bundle
formation in NMP. The addition of salt to the nanotube dispersion leads to self-assembly of
nanotubes and formation of large CNT bundles that can be extracted from the solution by
centrifugation. The all effect of salt addition increases with an increase of the salt concentration. |
showed that salts can be used to regulate CNT concentration in samples as illustrated by observed
changes in the intensities of PL and absorbance spectra of the samples at different salt
concentrations. Self-assembly of nanotubes can be initiated by even small amounts of salts and the
effect is reproducible. This provides an easy, robust and safe route to bundle engineering of
pristine carbon nanotubes. Due to the general nature of the phenomena, it is likely to be observed
in other CNM dispersions as well. The aim of this work is to attract the attention of the scientific
community to the importance of salt effects on CNM dispersions. These findings provide new
avenues for solvent engineering in nanoscience and nanotechnology as well as the development of

new dispersing agents (dispersants) for CNMs.

In Chapter 3 we show on a novel nanophotonic system of PDs non-covalently attached to CNT
micelle in water, which produce a significant PL amplification of CNT emission by through the
energy transfer from PDs to SWNTSs. Only positively charged astraphloxin or Cy3 molecules can
interact with negatively charged micelles of CNT, because the tubes are covered by anionic
surfactant. The coulomb attraction between the dye and surfactant molecules is a key issue in the
emerging novel complexes. Result of experiments with water solutions of the dyes, CNT with
surfactants, dyes with surfactants, and composition of dye-CNT-surfactant can be summarized as

follows:
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1.) Interaction of the dyes with CNT resulted in red shift of the dye’s intrinsic absorbance and PL
maxima. Importantly, astraphloxin molecules interact with each other on CNT forming J-
aggregates, whereas Cy3 molecules attach to CNT without interaction between the dye molecules.

2.) A strong amplification of PL from the excitonic levels of CNT in NIR range occurred under the
red shifted excitation of positively charged astraphloxin or Cy3, which interact with CNT. The
light absorbed by dye monomers does not contribute to amplification. We explain the effect of PL

amplification as a non-radiative energy transfer process from the dyes aggregated to CNT.

3.) Upon rising dye concentration, amplification saturates and the number of monomers increases
substantially. This shows that dye molecules interacting with CNT form only mono-molecular

layer around the tubes.

Clarification of the energy transfer mechanism should be possible by studying different distances
between CNT and dyes by extensive variation of surfactants and solvents, which could be pursued
in the future. The Prominent features of PDs are a vast variety of substitutions, polymethine chain
elongation, and the application of various anions and cations for neutralization of the charged
dyes. This easy tailoring of PD molecular structure provides prospects for optimization of photonic
and electronic properties of hybrid complexes of CNT-organic dye with tunable optical properties
and potential for application as a photonic sensor.

Chapter 4 reports results on the application of both SWNT solutions and composites for ultrafast

pulse generation in fibre lasers.

1). A homogeneous and stable dispersion of SWNTs in NMP was demonstrated with addition
SBM polymer filled in-fibre microchamber for mode locking of EDFL. The polarization
insensitive saturable absorber SWNT-PVP-NMP without any optimization and control offers
durable and highly stable pulse generation. The application of CNT in NMP in the fibre
microchamber also maintains the all-fibre format of the laser configuration. Laser with generates
soliton pulses with temporal width of ~3.37 ps and an output power of ~29 mW (pulse energy of
~11 nJ) with a repetition rate of ~ 2.3 MHz at 1564 nm. SBM appears to stabilize SWNT
dispersion and here results in the strong and steady optical absorption, PL, and saturable
absorption. This dispersion was employed to achieve a stable mode-locked fibre laser with a 2.55
ps output pulse. This indicates significant potential for a liquid type saturable absorber for laser

mode locking.
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2). We used SWNT-Poly vinyl alcohol (PVA) films for mode-locking of Ytterbium, Erbium and
Thulium-doped fibre laser in a spectral range 1000- 1800 nm.

e We demonstrated harmonic mode locking (HML) of an Erbium-doped fibre laser with
chirped soliton pulses of ~1 ps pulse duration. EDFL shows a maximum of 10th harmonic
order operation at 245 MHz with an output power of ~12 mW with the SWNTs-PVA
saturable absorber. This is higher than previous results using a CNT- polymer film mode
locker. EDFL also shows a higher SMSR ratio than some previous results. Although the
absorption for both CNT-PVA samples is different, it did not make a significant difference
to their performance in HML of EDFL.

e Generation of ultra-short pulses was demonstrated from Ytterbium-doped fibre laser with
controlled duration, spectral width, and operational wavelength with a SA based on
SWNT-PVA films within the wavelength range 1060-1066 nm. The average output power
of the laser was 1.5 mW at a pulse repetition rate of 50 MHz. Utilization of a fibre Lyot
filter made from several lengths of PM fibre in combination with a PC enabled control of
the laser output spectrum width within the 0.15-1.25 nm range, with a pulse duration
between 2-3.8 ps, and detuning the laser output wavelength by up to 5 nm.

e A hybrid passive mode-locked Thulium-doped all-fibre soliton laser was demonstrated.
Application of a SWNT-based saturable absorber, although comparatively slow, facilitates
mode-locking and setup. In contrast the fast NPE mechanism based on the nonlinear
optical Kerr effect allowed achievement of a high average output power and pulse energy
with high long- and short-term stability. The laser benefits from a simple ring cavity design
with single-mode pumping by a high-power laser diode at 1.55 um. Two different cavity
schemes were studied, possessing different cavity lengths. The laser with a short cavity
generates 600-fs or 1.28-ps pulses at a 72.5 MHz repetition rate with an average output
power of 300 mW, more than one order of magnitude higher than earlier reported results
for SWNT mode-locked fibre lasers. Such a high pulse energy and peak power with
excellent long and short-term stability could find numerous applications, including
supercontinuum generation in the mid-IR range. Typical sources existing are pumped by a
master oscillator power amplifier (MOPA) consisting of a seed mode-locked fibre laser
and one or several amplification stages. Such a complicated scheme presents a technical
challeng for applications whereas obtaining high power directly from a seed laser without

the chirped pulse amplification technique has advantages.

Future challenges will include: development of Carbon nonmaterial (CNM) polymer composites

with enhanced and controllable optical and nonlinear optical properties, and development of new
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photonic sensors based on both functionalised CNMs and SWNT based fibre lasers for

environmental monitoring.
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