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The multifunctional properties of single-wall carbon nanotubes (SWNTs) created a robust
platform for unprecedented innovations in a variety of applications in photonics, sensors,
electronics, smart manufacturing and drug delivery. This thesis presents an experimental
study of the author’s research using innovative approaches for the development of photonic
systems based on SWNTs’ dispersions and composites, featuring enhanced and effective
optical properties. The first set of experiments demonstrates a novel approach for the
enhancement of SWNTs’ photoluminescent (PL) properties via complexation with organic
dyes. One of the more significant findings to emerge from this investigation is the interaction
of the indopentamethinedioxaborine dye (DOB-719) with SWNTs, which resulted in new
optical features in the spectral range of the intrinsic excitation of the dye, providing clear
evidence of the resonance energy transfer from DOB-719 to the SWNTSs. The findings from
this study allowed for the proposal of the mechanism of interaction between the SWNT and
DOB-719, where the dye is attracted to the SWNT surface via - stacking with the
hydrophobic part facing the aqueous medium by polar groups.

The second set of experiments examined a limitation imposed by the use of SWNT-polymer
composites for saturable absorber (SA) applications. The integration of this device in the
fibre cavity resulted in modification of the composite properties under continuous high power
laser irradiation, which limits the use of composites to generate ultrashort pulses with stable
parameters for a long operation time (>10,000 hours). This stimulated the design of
advanced approaches in this work as an alternative to the composite method.

The first approach describes a method for the controllable integration of SWNT directly on
the core of a fibre edge, using the inkjet printing technique. It is important to note that a
direct correlation between the number of printed layers and properties of SA was
determined, showing that a SA with 20,000 layers gives the best parameters. The obtained
output power and pulse energy are higher than all earlier reported results on SA for erbium-
doped fibre lasers using sandwiched SWNT- composites.

The second approach is to coat the tapered fibre with a low refractive index SWNT-polymer
composite. This method depends on lateral interaction with the evanescence field of the
propagating pulse in the laser cavity. The study reports SAs devices with controllable
saturation intensity, low losses and large saturable to non-saturable loss ratios.

Keywords: single-wall carbon nanotubes; indopentamethinedioxaborine dye,
photoluminescence, saturable absorber, ultrafast fibre laser, inkjet printing, tapered fibres.
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AC

AD

BWF
CCD
CMC
CNTs
CoMoCAT
CPCL
CTAB
CvD
DGU

DI

DMA
DMF
DNA
DOB-719
DTAB
DWNTs
EDF
EDFL
EET
FWHM
HiPco
HRTEM
LA

LD
MQw
m-SWNTs
MWNT
NA
Na-CMC
NIR
NMP
NOLM
NPR

Abbreviations

Autocorrelation trace.

Arc discharge.

Breit-Wigner-Fano line shape of the Graphite mode.
Charge Coupled Device.
Carboxymetylcellulose.

Carbon nanotubes.
Cobalt-molybdenum catalytic.
Cetylpyridinium chloride.
Cetyltrimethylammonium bromide.
Chemical vapour deposition.

Density gradient ultracentrifugation.
Deionized water.
N,N-dimethylacetamide.
Dimethylformamide.
Deoxyribonucleic acid.
Indopentamethinedioxaborine dye.
Dodecyltrimethylammonium bromide.
Double wall carbon nanotubes.
Erbium-doped fibre.

Erbium-doped fibre laser.

Exciton energy transfer.

Full width at half maximum.

High pressure carbon monoxide.
High-resolution Transmission Electron Microscopy.
Laser ablation.

Laser diode.

Multiple quantum well.

Metallic Single-wall carbon nanotubes.
Multiwall carbon nanotube.
Numerical aperture.

Sodium carboxymethylcellulose.
Near infra-red range.

N- N-methyl-2-pyrrolidone.

Nonlinear loop mirror.

Nonlinear polarization.



PC
PANI
PL

PLE
PMMA
PS
PTFEMA
PVAc
PVA
PVP
RBM
RET
SA

SC
SDBS
SDOC
SDS
sech?
SESAMs
SMF
SNR

s- SWNTs
STDOC
STM
SWeNT
SWNTs
TEM
TFT
U-DGU
VLSI
VOA
WDM
0D

1D

2D

3D

Polarization controller.

Polyaniline.

Photoluminescence.
Photoluminescence excitation-emission.
Polymethylmethacrylate

Polystyrene.

Poly 2,2,2-trifluoroethyl methacrylate.
Polyvinyl acetate.

Polyvinyl alcohol.

Polyvinylpyrrolidone.

Radial breathing mode.

Resonance energy transfer.

Saturable absorber.

Sodium cholate.

Sodium dodecylbenzenesulphonate.
Sodium deoxycholate.

Sodium dodecyl sulphate.

Hyperbolic secant squared pulse profile.
Semiconductor saturable absorber mirrors.
Single mode fibre.

Signal-to-noise ratio.

Semi-conducting Single-wall carbon nanotubes.
Sodium taurodeoxycholate.

Scanning Tunnelling Microscopy.
SouthWest NanoTechnologies.
Single-wall carbon nanotubes.
Transmission Electron Microscopy.
Thin film transistor.

Uniform density gradient ultracentrifugation.
Very-large-scale integration.

Variable optical attenuator.

Wavelength division multiplexing.
Zero-dimensional.

One-dimensional.

Two-dimensional.

Three-dimensional.



Symbols

a The length of the unit lattice vector of graphene sheet and equal to 2.49 A
A4; Optical absorbance of the material at known wavelength, A (a.u.).
o, Absorption coefficient at wavelength, A (Lg™'m™).

Qlin Linear absorption of the absorber (a.u.).
Ons Non-saturable absorption (a.u.).

Oy Modulation depth in %.

C Speed of light in vacuum =3x108 m/s.

C, Chiral vector.

d; Nanotube diameter (nm).

Dielectric constant of both the SWNTs and the background of their surrounding
Ebhg
environment.

Fs: Saturation fluence (saturation energy per unit area).

frep Fundamental repetition rate in Hz.

Guix  Gibbs free energy of mixing.

Hix  Enthalpy of mixing.

h Planck’s constant (6.63x1073* joule-seconds).

Lsar Saturation intensity (power per unit area).

n Average refractive index of the cavity. n = 1.5 for single mode-fibre.
P avg  Average output power.

Puax Maximum pump power.



P p.th
Ppump

P sat
Smix

T4.c

Threshold pump power.

Pump power.

Saturation power.

Entropy of mixing.

Autocorrelation trace pulse duration.

Pulse duration for the SA device.

Excitation wavelength (nm).

Emission wavelength (nm).

Dye monomer peak at a particular wavelength (nm).
Spectral bandwidth (nm).

Chiral angle.
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Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

mg/mL for mixture A (3), and 0.0005 mg/mL for mixture B (4) and
0.00025 mg/mL for mixture C (5).

PLE maps for neat SWNTSs dispersion with SDBS (a) and mixtures
of SWNTs with DOB-719 at concentrations of 0.00025 mg/mL (b),
0.0005 mg/mL (c) and 0.001 mg/mL (d). The vertical dashed lines
show Aem for Eqq of (6,5), (7,5), and (8,4) chiralities, The horizontal
dashed lines show the position of new PL peaks at Aex = 735 nm (the
resonance energy transfer (RET) from DOB-719 to the SWNT) and
the position of DOB-719 monomers maximum at Aex = 685 nm. High
PL intensities are indicated in red colour, whereas low intensities are
indicated in blue colour.

PL spectra for neat SWNTSs dispersion with SDBS (1) mixtures of as
prepared DOB-719 with SWNT at DOB-719 concentrations of
0.00025 mg/mL for mixture A (2), and 0.0005 mg/mL for mixture B
(3) and 0.001 mg/mL for mixture C (4). PL spectra at Aex = 735 nm
(a) and PL excitation spectra for (6,5) (b), (7,5) (c), and (8,4) (d)
chiralities. Aem for excitation spectra (1-4) are mentioned in table 3.3
as E41 and E11* peaks of PL emission spectra.

Absorption spectra for as prepared DOB-719 solution (1), as
prepared DOB-719 and SDBS solution at premicellar concentration
(2), Mixture A is as prepared DOB-719 and SWNT with SDBS at
premicellar concentration (0.065 mg/mL) (3), and Mixture B is as
prepared DOB-719 and SWNT with SDBS at micellar concentration
(0.4 mg/mL) (4). The concentration of DOB-719 is 0.001 mg/mL.
Schematic representation of energy transfer in the studied
complexes. (a) Dispersions of the neat SWNT and (b) as prepared
mixture of DOB-719 with the SWNT in water. In (a) the micelle is
formed around SWNT by anionic surfactants (SDBS) and SWNT has
characteristic exciton energy levels of PL excitation at Ex and
emission at E41. In (b) DOB-719 attaches to the SWNT surface via
1-11 stacking by hydrophobic part (11-conjugated frame) facing the
aqueous medium by hydrophilic part (SOs— and COO-). A non-
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emission from SWNT levels. A visible range excitation of the dye
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emitting in NIR range.
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Figure 3.9

Figure 3.10
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Figure 3.16
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at Aex = 735 nm and Aem = 1057 nm, corresponding to (7,5) chirality
emission. 100% of the relative concentration of SWNT corresponds
to the initial dispersion of the SWNT (0.0006 mg/mL), where the
dilutions were used to prepare the mixtures of DOB-719 with lower
concentrations of SWNT. The concentration of DOB-719 is 0.001
mg/mL in all the samples.

Absorption spectra for aqueous solutions of neat DOB-719 as
prepared (1), after 2 hours (2) and after 24 hours (refers to the aged
samples) (3). The concentration of DOB-719 is 0.001 mg/mL.

PLE maps of aqueous solutions for (a) the as prepared and (b) aged
neat DOB-719 as well as (c) the as prepared and (d) aged mixtures
of DOB-719 with the SWNT in water. High PL intensities are coded
in red colour, whereas low intensities are coded in blue colour. The
concentration of DOB-719 is 0.001mg/mL.

a) Absorption spectra for solution of as prepared DOB-719 (1), and
mixtures of as prepared DOB-719 with SWNTs dispersed with (2)
STDOC (Mixture A), (3) SDOC (Mixture B), and b) Solutions of as
prepared DOB-719 with (4) STDOC Solution (A), SDOC Solution (B).
Concentrations of STDOC and SDOC in all mixtures are below
critical micellar concentration (CMC) i.e. STDOC=0.026 mg/mL and
SDOC= 0.33 mg/mL. The concentration of DOB-719 is 0.001mg/mL.
PLE maps for mixtures of SWNTs dispersion with STDOC (a), SDOC
(b) and mixtures of DOB-719 and SWNTSs dispersed with STDOC (c)
and SDOC (d). DOB-719 concentrations in mixtures (c-d) is 0.001
mg/mL.

Histogram of the PL enhancement for mixtures of DOB-719 and
SWNTs at Aex = 735 nm. SWNTs are dispersed with SDBS, STDOC
and SDOC. The DOB-719 concentration is 0.001 mg/mL.
Absorption spectra in the visible range for the solution of neat DOB-
719 (1), SWNTs dispersed with PVP (2), solution A: solution of dye
and PVP (3) and mixture A: a mixture of DOB-719 and SWNTs
dispersed with PVP. The concentration of PVP in (2) and (3) is
described in table 3.1 and 0.5 mg/mL in (4). The concentration of
DOB-719in (1), (2) and (4) is 0.001 mg/mL.

PLE maps for SWNTSs’ dispersion with PVP (a) and mixture of DOB-
719 and SWNTSs dispersed with PVP (b). The concentration of PVP
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Figure 4.2
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Figure 4.5

Figure 4.6

in (2) and (3) is described in table 3.1 and 0.5 mg/mL in (b).
Concentrations of DOB-719 in (b) is 0.001 mg/mL.

PL spectra at Aex = 735 nm for mixture of neat SWNTs dispersed
with PVP (1) and mixture of DOB-719 and SWNT dispersed with
PVP (2). The concentration of DOB-719 is 0.001 mg/mL.
Absorption spectra for DOB-719 aqueous solution (curve1 in a & b),
a). Mixture A: mixture of DOB-719 and SWNTs dispersed with
CTABr (2), Solution A: solution of DOB-719 and CTABTr (3), and neat
CTABr (4). b) Mixture B: mixture of DOB-719 and SWNTSs dispersed
with CPCL (2), Solution B: solution of DOB-719 and CPCL (3), and
neat CPCL. The concentration of DOB-719 is 0.001 mg/mL.

PLE maps for a) SWNTSs dispersed with CTABr, b) mixture of DOB-
719 and SWNT dispersed with CTABr, c) SWNTs dispersed with
CPCL and d) mixture of DOB-719 and SWNT dispersed with CPCL.
PL spectra at Aex = 735 nm for e) mixture of SWNTSs dispersed with
CTABr (1) and mixture of DOB-719 and SWNTs dispersed with
CTABr (2). f) Mixture of SWNTSs dispersed with CPCL (1) and mixture
of DOB-719 and SWNT dispersed with CPCL (2). The concentration
of DOB-719 is 0.001 mg/mL.

Schematic representation for mode-locked laser using saturable
absorber.

Absorption spectra for DWNTs-PVA (1) , LA SWNTs-PVA (2) and
HiPco-PVA composite films. The grey colour bar indicates the
Thulium-doped fibre laser emission window, i.e., 1.7-2.1 ym and the
red bar indicates Erbium-doped fibre laser emission window, i.e.
1.5-1.6 um. PVA background subtracted.

Summary of common integration approaches for SWNTs in fibre
devices. a, sandwiched device, b, photonic-crystal fibres, ¢, D-
shaped and d, tapered fibres.

Synthesis scheme and molecular structure of polyvinyl alcohol (PVA)
used in the study.

a) UV-visible-NIR absorbance spectra: SWNT-PVA composite. The
contribution from the PVA matrix has been subtracted. b) Raman
spectrum of the SWNT-PVA composite measured at excitation
wavelength 785 nm.

a) Experimental setup for the Erbium-doped fibre laser. b) Integration

of SWNTs-PVA composite on fibre connector. C) Measured radio
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Figure 4.7
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Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

frequency (RF) spectrum of the laser d) Pulse autocorrelation traces
and optical spectrum (inset) for fibre laser using SWNTs-PVA
composite.

a) Laser setup to characterize power-dependent for saturable
absorber device. b) Power-dependent measurements of the as
prepared SWNT-PVA composite (black) and after laser operation
(purple) at the maximum available pump power Ppymp = 600 mW. The
circles are the experimental data, and the dashed curves represent
an analytical fit of the data.

a) Optical micrographs and b) cross-sectional profile of the laser
exposed areas of the SWNT-PVA composite after 40 hours of
continuous laser radiation at the maximum pump power of 600 mW
(average output power = 50 mW). ; ¢) Cross-section profile of SWNT-
PVA composite film after 10 min laser (average output power = 15
mw).

Raman spectra, measured at exposed (bottom of the crater) and
unaffected areas (surface) of SWNT-PVA film after 10 min laser
(average output power = 15 mW), and 40 hours of continuous laser
radiation at the maximum pump power of 600 mW (average output
power = 50 mW). Inset is magnified G band.

Scanning electron microscopy (SEM) image for SWNT-SA: a);
bottom of the crater (b) the top surface of the sample (unexposed).
All images are collected using x25000 magnification.

a) Inkjet printing head. b) cross section of single mode fibres (SMF-
28) structure c) Photograph for the ink jetting sequence recorded by
printer camera.

a) Optical absorbance spectra a) SWNT nano ink b) of Inkjet-printed
SWNT nano ink on a quartz substrate (1) 2000 and (2) 3000 layers.
The vertical line indicates the telecommunications C band (1550
nm).

Raman measurements for a) fibre core, b) SWNTs (powder) curve 1
and the fibre core (curve 2) under identical conditions of laser power,
c) SWNTs printed layers 2000 (black), 3000 (red) on quartz
substrate and 20,000 on the fibre, d) figure ¢ zoomed to D and G
bands and normalized to the intensity of the G band.

(a) Power-dependent transmission and (b) normalized absorption for

the printed SWNT layers on the fibre connector, including 5,000
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Figure 6.1

Figure 6.2
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Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

(black), 8,000 (blue) and 20,000 (red) layers. The circles are the
experimental data, and the dashed curves represent the fitting of the
data.

Experimental setup for the ring cavity Erbium-doped laser used in
this experiment for the inkjet-printed SWNT saturable absorber.
Measured optical spectra (a) and pulse autocorrelation traces (b) for
different SWNT layers of the saturable absorber.

Measured radio frequency (RF) spectra of the lasers with different
SWNT printed layer on the fibre connector: 5,000 layers (a), 8,000
layers (b), 20,000 layers (c), exemplary RF spectrum measured with
1.25 GHz span, using 20,000 SWNT layers (d).

Output spectrum evolution during ~24-hour continuous operation.
a) Photograph of the setup for fabrication of tapered fibres using a
sapphire tube heated with a CO- laser. b) Schematic representation
for tapered single mode fibre with 11 cycles.

Optical microscope images for SWNT-PTFEMA film on the surface
of the tapered fibres before (a) and after (b) thermal treatment.
Absorption spectrum for a) SWNTs/NMP dispersion, b) SWNTs -
PTFEMA thin film with 25% SWNTs concentration (1) and 50%
SWNTs concentration (2). The bar in (b) indicates Erbium-doped
fibre laser emission window i.e. 1.5—-1.6 ym.

Raman spectra for a) PTFEMA powder (black) and film (red), b)
normalized Raman spectra for SWNTs powder (red) and SWNTs’
polymer film (black). Raman spectra were collected using laser
excitation wavelength 532 nm.

Laser setup to characterize power-dependent for saturable absorber
devices.

a) Losses of PTFEMA-coated taper fibre with 5.3 ym waist diameter
(PTFEMA only). (b)-(d) Power-dependent losses of SWNT-PTFEMA
coated taper fibres with 50% SWNT concentration and waist
diameters of 5.3 ym (b), 3.0 um (c) and 2.2 p (d).

The experimental setup of the Ring cavity Erdoped fibre laser used
to test the performance of the SWNT-PTFEMA coated tapered fibre
saturable absorbers as mode-locking devices. WDM-Wavelength
division multiplexer, EDF-Erbium-doped fibre, OC 70:30 Output
coupler delivering 70% of the light back in the laser cavity and 30%
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Figure 6.8

Figure 6.9

Figure 6.10

as output, PC- Polarization controller, CNT-SA- Carbon nanotube
based saturable absorber, ISO- Isolator.

Measured optical spectra (a) and pulse autocorrelation traces (b) for
fibre laser using SWNT-PTFEMA coated tapers with waist diameters
of 5.3 um, 3.0 ym and 2.2 pym.

Comparison of spectral bandwidth (a) and pulse duration (b) for the
fibre lasers operating at their threshold pump powers (14mW -
16mW) with three taper-based SA devices with 5.3 pym (blue), 3.0
pm (black) and 2.2 um (red) waist diameters.

Comparison of spectral bandwidth (a) and pulse duration (b) for the
fibre lasers operating at their threshold pump powers (14mW -
16mW) with three taper-based SA devices with 5.3 um (blue), 3.0

pum (black) and 2.2 um (red) waist diameters.
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Chapter 1: Introduction and Thesis
Structure

1.1 Introduction

The discovery of carbon nanostructure materials, such as the fullerenes (0D), carbon
nanotubes (1D) and graphene (2D), significantly contributed to the development of
nanoscience and nanotechnology [1]. Within these nanostructure materials, carbon
nanotubes (CNTs) have been suggested for a broad range of applications, due to their high
mechanical strength, large specific surface area, and excellent electrical and thermal
conductivity. These unique properties qualified them for several applications, such as
microelectronic devices, including transistors and nonvolatile memories, energy storage
devices including lithium-ion batteries, supercapacitors and fuel cells, water purification, and
biotechnology [2, 3]. However, one of the main challenges in the development of carbon
nanotube-based technology is obtaining a stable dispersion in liquids. These are the result
of hydrophobically driven van der Waals interactions, which are an inherent consequence
of their carbon sp? hybridization network. This is important because it negates the ability to
fully take advantage of a nanotubes high aspect ratio and surface area. Thus, to fully take
advantage of their properties effectively, SWNTs must be debundled into individual
nanotubes and or small bundels. Although several strategies have been suggested in the
litrature to overcome these challenges, non-covalently functionalization of the nanotubes

have gained significant attention.

Particularly, single-wall carbon nanotubes (SWNTs) feature a unique prototype of 1D
materials, allowing unpreceded testing of fundamental physical properties. It appeared that
the surface of the SWNTs could result in strong interactions with the surrounding
environment and can be exploited to design new functional materials. Practically, this
approach can lead to constructing a nanosystem, combining specific properties and
designing materials with advanced optical properties to be applied as an effective chemical

probe, labels for diagnostics and treatment of live tissue, etc.[4-10].

However, the interaction of SWNTSs with the surrounding environment resulted in quenching
of the tubes photoluminescence (PL) quantum yield [11, 12] or degrading of their electronic
transport properties [13, 14]. Several approaches were suggested to overcome these

effects, such as the encapsulation of nanotubes in micelles of surfactants [15, 16] or
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polymers [17], or the use of suspended nanotubes [11, 18]. Despite all these approaches,
SWNTs still exhibit low PL in the near infra-red range (NIR) [19, 20].

The optical properties of SWNTs are promising for the development of next-generation
devices [3]. For example, SWNTs can be used as components of biosensors and medical
devices, due to their low dimensionality and chemical compatibility with biomolecules, such
as proteins and Deoxyribonucleic acid (DNA). Besides, they are direct bandgap materials
that feature PL emission in the NIR, which covers a broad range of wavelengths from 800
to 2000 nm [15, 21, 22]. Importantly, this range covers the biological tissue window (800-
1000 nm) [23], optical sensors [24] and optical telecommunication systems [25]. For
example, the E11 absorption for SWNTs matches the telecommunications C band (1530—-
1565 nm) making them suitable materials for various requirements in optical
communications for real-life applications. Saturable absorbers (SAs) are the most
successful photonic applications of SWNTs in fibre laser technologies. SAs serve as optical
switches to modulate the laser continuous output wave into a train of ultrashort pulses [26].
SWNT-based SAs have been used as all-optical switches, optical amplifier noise
suppressors, or mode-lockers to generate ultrashort laser pulses in fibre lasers. To satisfy
the increasingly stringent requirements for fibre lasers, it is necessary to improve the
nonlinear parameters of SWNT-SAs such as the modulation depth, saturation fluence, non-
saturable loss and optical damage threshold. One way to realize this is to control the SWNT
diameter distribution, length and bundling during the growth process of the nanotubes and

to enhance the interaction of SWNTs with light during the integration process.

Taking the above into account, it is worth emphasizing that the easy fabrication and
integration of the SWNTs in photonic devices are extremely valuable for various new

photonic systems.

1.2 Aim and Objectives:

This thesis aims to develop photonic systems based on carbon nanotubes with enhanced

optical properties. This aim will be achieved through the following objectives:

1- Development of novel nanostructured complexes based on SWNTs and organic
dyes to enhance the photoluminescent (PL) signal of the tubes in the range of excitation
wavelengths, where the PL emission of the SWNTSs is extremely low. Next, to study the new
optical features of the resultant complexed materials with respect to the effect of each

component in the complex. Following this, the obtained results from the studied system can
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be used to propose the mechanism of interaction between the dye and SWNTs. The
developed complex can be promising for several applications, such as reinforced composite
materials, ultrafast photonics, chemical and biological sensing, drug delivery, energy

storage, scanning probe microscopy, etc.

2- Characterize the nature of the SWNT-polyvinyl alcohol (PVA) composite thermal
degradation and evaluate the modification of the composite properties under continuous
high power ultrashort pulse laser operation. This aim is motivated by the continuous
development of ultrafast lasers towards high average power for various industrial
application requirements. To date, the polymer composites method is widely used to
fabricate flexible and freestanding SA devices, which can be sandwiched between two fibre
connectors. However, there is a common understanding that SWNTs’ composites suffer
from a low thermal damage threshold, which can limit the long-term stability of such lasers.
Therefore, it is important to understand and evaluate the nature of induced thermal damage
in the composite under high power laser irradiation. The obtained results can be used to
suggest alternative approaches to improve the stability of SA devices sandwiched between
two fibre connectors, and possibly optimize the fabrication of SWNTs’ polymer composites

as reliable SAs in high power ultrafast lasers.

3- Demonstrate a feasible, efficient and straightforward method to develop SAs, using
the inkjet-printed SWNTs’ technique.
4- Develop a method for the fabrication of efficient SAs with controllable nonlinear

parameters that can be utilized for the fabrication of better lasers and other nanomaterial-

based nonlinear fibre devices.

1.3 Thesis Structure

This thesis consists of seven chapters; the contents are outlined as follows:

Chapter 1: discusses the potential limitations associated with carbon nanotubes. The
chapter concludes by establishing the aim and objectives of the research that targeted to
overcome some of the limitations to integrate SWNTs in photonic systems. Finally, the

thesis layout and flow of subsequent chapters are outlined.

Chapter 2: presents an overview of SWNTs from the structure, growth techniques,

dispersion in liquids and characterization.

Chapter 3: focuses on the interaction between organic dye (DOB-719) and the SWNTs

dispersed with anionic surfactants. The research outcomes from this study reveal new
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optical features in the spectral range of the intrinsic excitation of the dye, due to RET from
DOB-719 to SWNTSs.

Chapter 4: reveals the nature of morphological changes of the SWNTs’ polymer composite
based saturable absorber under a high power laser irradiation. The study discovers the
nature of the SWNT-polyvinyl alcohol (PVA) film thermal degradation, and evaluates the
modification of the composite elemental properties under a continuous high power laser
regime. The obtained results show that high power laser radiation resulted in measurable
changes in the composition and morphology of the SWNT-PVA film, due to efficient heat

transfer from SWNT into the polymer matrix.

Chapter 5: demonstrates the inkjet printing method as an efficient and straightforward
technique for the integration of SWNTs into fibre ferrule to serve as a saturable absorber.
In addition, the study presents the performance of a mode-locked fibre laser, based on the
printed nanotube layer in the saturable absorber. A set of SWNTSs’ layers were printed onto
fibre connectors and exploited as SAs for the fibre laser. All samples were characterized in

terms of nonlinear optical properties, and tested using an Erbium-doped fibre laser.

Chapter 6: develops a method for the fabrication of highly efficient SAs with controllable
saturation fluence that can be achieved for the fabrication of better lasers and other
nanomaterial-based SA devices. It also presents guidelines for the design of SAs according

to their application.

Chapter 7: will present the overall thesis conclusion.
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Chapter 2: Carbon Nanotubes for
Photonics

This chapter is structured as follows; section 2.1 overviews the structure of nanotubes.
Section 2.2 reviews the growth techniques for CNTs and highlights strengths and
weaknesses of each. Section 2.3 discusses SWNTSs’ dispersion via liquid phase, which is
crucial for SWNTs’ functionalization. The discussion is extended to address dispersion of
SWNTs in water and organic solvents individually in subsections 2.3.1 and 2.3.2,
respectively. Section 2.4 discusses SWNTs’ separation. Optical characterization of the
functionalized SWNT, optical absorption, photoluminescent (PLE) and Raman
spectroscopy, is presented in sections 2.5. Section 2.6 briefly introduces the optical
properties of SWNTs and their potential application in photonics. Finally, section 2.7

concludes this chapter.

2.1 Carbon nanotubes structure

The history of CNTs can be traced back to 1952 when L V. Radushkevich et al. published
the first Transmission Electron Microscopy (TEM) image in Russian script and did not
receive the attention of the research community due to the cold war [27]. Four decades
later, lijima and his group published the famous paper called helical microtubules of
graphitic carbon which gained the global research attention [28]. This has fuelled the
research interest to explore the SWNTs structure using high-resolution TEM (HRTEM) and
Scanning Tunnelling Microscopy (STM) [29]. The nanotubes can be imagined as a 2D
graphene layer, where carbon atoms are arranged in the hexagonal structure. The tubes
are formed by wrapping the graphene layer into a cylindrical form. The wrapping direction
of the graphene layer is a crucial parameter because it will produce different chiralities
defined by a pair of integers (n,m), which is directly responsible for determining the tubes
electronic properties. For example, the tube is known as zigzag when m = 0, armchair when
n =m and otherwise the tube is called chiral. Moreover, they can be either metallic or semi-
conducting, depending on tube chirality.

The hexagonal arrangement of atoms in CNT can be represented according to the tube

chirality using the chiral vector (éh) and the chiral angle (6). The following equation can
define 5,1 along the wrapping direction 6:

—

C, =na, + ma, Equation (2.1)
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where n and m are a pair of integers which define the number of steps along the unit vectors

g, and g,, as shown in figure 2.1.

Other parameters such as the tube diameter (d, ) and chiral angle () can be defined as:

a 2 2
d, =;\/n +m” +nm Equation (2.2)

where ¢ is the length of the unit lattice vector and equal to 2.49 A

Bm
2n?+m* +nm

and, sinf = where 0<6<30 Equation (2.3)
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Figure 2.1 Schematic representation showing the wrapping effect on forming the
nanotubes type on the right illustration of three types of tubes a) Armchair nanotubes b)
zigzag nanotubes c) chiral nanotubes. Adapted from [30, 31]

In addition to chirality, the number of layers is another factor that is considered for
classification of CNTs. Hence, they are classified as single-wall carbon nanotube (SWNT)
and multiwall carbon nanotube (MWNT). SWNTSs are the most basic structure of nanotubes.
Their average diameter is around 1 nm, and possible lengths are more than 1000 orders of
magnitude beyond that. However, MWNTs are made of multiple concentric cylindrical layers
of different diameters sharing the same centre. The diameter and length of the MWNTSs
range from 5 to 50 nm and 10 um, respectively. Importantly, double wall carbon nanotubes
(DWNTSs) can have inner and outer wall arrangements with different electronic properties
(semi-conducting (s), or metallic (m)) in their structures. The concentric tube combinations

of DWNTs made them an attractive platform for a wide range of applications [32, 33].
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2.2 Growth of carbon nanotubes

Growth processes play an important role in the properties of carbon nanotubes. In this
section will review the growth process of CNTs and highlight strengths and weaknesses of
each. Presently, carbon nanotubes are fabricated using different methods, such as arc
discharge (AD), laser ablation (LA) or chemical vapour deposition (CVD) but all these
methods are still under industrial research improvement. The quality of carbon nanotubes,
their yield, cost, and uniformity are still challenging. There are many possibilities of these
methods functioning under different conditions with different set-ups and parameters. Each
method has its own strengths and weaknesses over the production quality. Nowadays, the
main issue concerns the large-scale and low-cost production of nanotubes for industrial

applications.

2.2.1 Arc discharge method

Carbon AD (figure 2.2) is the first technique used to grow CNTs [28]. The process is
obtained at vacuum chamber with two carbon electrodes. A gas source (usually Helium or
Argon) is generated to successfully perform carbon deposition process. When high dc
voltage is supplied between the anode and cathode, plasma of the inert gas is produced to
evaporate the carbon atoms. The ejected carbon atoms are then deposited on the negative
electrode to produce carbon nanotubes. Both SWNTs and MWNTSs can be fabricated using
this technique with maximum lengths of 50 nm, using high quality CNTs with fewer structural

defects [34]. However, very low yield can be obtained from this method.

Figure.2.2. Schematic of arc discharge technique. Adapted from [35]

2.2.2 Laser ablation method

In the laser ablation (figure 2.3) technique, carbon atoms are ablated by intense laser pulses
at very high temperature in the presence of an inert gas and a catalyst. CNTs are produced

and collected on a cold substrate. Both the AD and LAs technique require a high
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temperature to produce CNTs, which is about 3000—4000 Celsius for the evaporation of
carbon atoms from the initial carbon source. The method was established by Smalley et al.
to grow MWNTs [36]. Later, the method was developed by the same team to produce
SWNTs with controllable diameter [37]. However, this method is much more expensive than
either AD or CVD.
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Figure 2.3. Schematics of a laser ablation technique. Adapted from [38]

2.2.3 Chemical Vapour Deposition method (CVD)

The CVD (figure 2.4) technique was reported in 1993 by Yacaman and co-workers [37]. In
a CVD system, a gas source (usually methane, acetylene or ethylene) is generated in the
reaction chamber. The carbon atoms are then heated with a temperature range between
550 and 1000 Celsius. The carbon atoms react in the presence of catalysts (usually Nickel
(Ni), Iron (Fe) or Cobalt (Co)) that are coated on the substrate to produce the CNTs.
Compared with the first two techniques, CNTs can be produced at low temperature using
the CVD method. Therefore, it is the most widely used method for the production of carbon
nanotubes. This enhances CNTs’ electronic properties in different applications. High quality
SWNTs can be produced by the optimization of the catalysts. However, one of the main
setbacks of CVD technique is the relatively high defects in MWNTSs, which can be attributed
to insufficient thermal energy.

Among the aforementioned methods, CVD has the most promising growth, not only
because of high purity and large-scale production, but also because the diameter and the

length of the CNTs can be easily controlled during the growth process.
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Figure 2.4 Schematics of a chemical vapour deposition technique. Adapted from [38]
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In all of these three methods, CNTs are contaminated with impurities, which may have
negative impact on CNTs intrinsic properties. In order to improve the quality of the nanotube,
a purification process is needed after producing the carbon nanotubes. Normally, the most
common impurities are carbonaceous impurities and metallic impurities. The carbonaceous
impurities are due to the reaction process, while the metallic impurities are residual
catalysts. Usually the oxidation method is used to remove carbonaceous impurities,
whereas heating the samples can be used to evaporate the metallic impurities.

In the CVD method, the process can involve a gaseous catalyst, as in the high pressure
carbon monoxide method (HiPco) or by means of a supported catalyst as in the Cobalt-
molybdenum catalytic method (CoMoCAT). Compared with AD and LAs methods, the main
advantage of CVD is the more straightforward way to scale up production to industrial levels.
Additionally, the CVD method allows more chirality control during synthesis of the
nanotubes. Therefore, nanotubes produced with HiPco and CoMoCAT methods are
typically used for scientific and research purposes.

Commercially available CoMoCAT and HiPco SWNTSs are used as source materials in this
research. These tubes feature a strong optical absorption and photoluminescent (PL) in the
range 1000 - 1600 nm, which corresponds to a typical tube diameter distribution of 0.7 - 1.3

nm.

2.3 Dispersion of carbon nanotubes in liquid

The current growth methods are incapable of controlling chiralities and diameters of
SWNTs. Moreover, the hydrophobic nature of the nanotubes in liquids hinder the path
towards the practical applications of these unique materials. Therefore, for photonics
application, two major challenges need to be overcome: 1) dispersion in a solvent and 2)
efficient separation according to the chirality [39-43].

To face the SWNTSs' dispersibility issue, a considerable research effort has been devoted
to improve the dispersion of SWNTs. These can be classified into two routes: covalent and
non-covalent functionalization [44]. Covalent functionalization involves the use of chemical
reactions to attach a functional group to the nanotube surface. This approach may introduce
defects in the nanotube surface and modify the t-electron system, which can result in the
degradation of the electronic properties of the nanotube [45-49]. Non-covalent
functionalization normally takes advantage of the dispersing agent, such as
deoxyribonucleic acid (DNA) or surfactants or polymer. In general, non-covalent
functionalization preserves the physical and electronic properties of the nanotubes, at the
same time giving them unique advantages associated with the organic conjugates [50, 51].

Figure 2.5 presents the preparation procedure for nanotubes’ dispersion using a non-
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covalent functionalization approach. It is essential to expose the nanotubes to ultrasonic
treatments in the presence of liquid (water or organic solvent) and dispersant (such as
surfactants polymer.... etc.). After the ultrasonication process, the mixture can be subjected
to a high-speed ultracentrifugation process to phase out catalysts, and large bundles.
Therefore, the non-covalent functionalization approach is considered throughout this thesis

(chapters 3-5) to prepare SWNTs’ dispersion.

Surfactant '
"lJ'“ OR | . SWNTs dispersion
f ‘) Polymer | (Tsolated tubes and small
i | bundles)
Y /L ,

é_ Liquid (water or organic solvent)
~®

Ultra-sonication [ >

e
SWNTs mixture
(Catalyst and large bundles) Ultra-centrifugation

Figure 2.5 Preparation procedure for carbon nanotubes dispersion in solvents

The second challenge is related to the separation of the nanotubes by electronic properties
(s- SWNTs and m-SWNTs) and chirality. Additionally, the terms “solubilization” and
“dispersion” of nanotubes are unclearly employed in the literature. For nanotubes obtained
in a liquid phase (water or organic solvents) the term dispersion is more relevant because
nanotubes are not thermodynamically stable “solutions” and more likely are metastable [52].

Therefore, throughout this thesis, the term “dispersion” is considered.

2.3.1 Dispersion of carbon nanotubes in water

The hydrophobic nature of carbon nanotubes hinders their direct dispersion in a highly polar
liquid such as water without any functionalization [44, 53]. To date, stable dispersions of
SWNTs in water have been reported in the literature using surfactants [15, 54-58], polymers
[55, 59-61], DNA [62-65] , polypeptides [66-68] and cellulose derivatives [69, 70].

Surfactants have been reported to produce stable nanotube dispersion in water with
different dispersion efficiency [71, 72]. In SWNT water-based dispersion, a surfactant tends

to form a micelle around the nanotubes’ surface. The hydrophobic tails of the surfactant are
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attached to the nanotube sidewall, while the hydrophilic heads are in contact with water.
They are classified according to the charged group in their heads to ionic and non-ionic.
The most common ionic surfactants for dispersing SWNTs are sodium dodecyl sulphate
(SDS), sodium dodecylbenzenesulphonate (SDBS), sodium cholate (SC), sodium
deoxycholate (SDOC), sodium taurodeoxycholate (STDOC), dodecyltrimethylammonium
bromide (DTAB) cetyltrimethylammonium bromide (CTAB) and cetylpyridinium chloride
(CPCL) [72]. Furthermore, these are sub-classified into anionic (negative charge carrier,
such as SDS, SDBS, SC, SDOC and STDOC) and cationic (positive charge carrier, such
as DTAB, CTAB and CPCL). On the other hand, Triton X, Pluronic, Igepal, and Brij series
are non-ionic surfactants.

Water-soluble polymers are reported to wrap around the nanotubes [59, 60], supporting
their dispersion and debundling. Mainly polyvinylpyrrolidone (PVP) and its copolymers with
acrylic acid, vinyl acetate, dimethylaminoethyl methacrylate, polyvinyl sulphate, polystyrene
sulphonate can stabilize the SWNTs dispersion in water [60]. In general, the wrapping of
water-soluble polymers is thermodynamically favoured by the removal of the hydrophobic
interface between the SWNT sidewalls and the water [59, 60].

Zhang et al. [32] proposed that single-stranded DNA (ss-DNA) forms a helical wrap around
the nanotube surface via mr-stacking [65].They also reported that the binding free energy of
single-stranded DNA to SWNTs is higher than that between two tubes, promoting SWNTSs’
dispersion.

Cellulose derivatives, such as sodium carboxymethylcellulose (Na-CMC) [70, 73] and
hydroxyethylcellulose [73] were also reported to disperse a high amount of SWNT in water

without any visible aggregations.

2.3.2 Dispersion of carbon nanotubes in organic solvents

Many efforts have been devoted towards dispersing the nanotubes in organic solvents, such
as N- N-methyl-2-pyrrolidone  (NMP), dimethylformamide (DMF) and N,N-
dimethylacetamide (DMA) [74-83]. Additionally, various surfactants and polymers have
been reported as dispersing agents in such solvents to facilitate the dispersibility of SWNT
[25, 79, 80, 84-86]. Among the solvents mentioned above, NMP has been reported as one
of the most efficient for dispersing SWNTs [74, 75, 78, 79]. NMP is reported to disperse up
to ~70% of individual SWNTSs at a very low concentration (~0.004 gL™") [78]. A significant
improvement would be to disperse SWNTs in organic solvent without the need for
dispersant molecules. Ideally, stable SWNTs’ dispersion in organic solvents can be

achieved if the free energy of mixing (AGmix) is negative [87].
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AGpix = AHpmix = TASmix Equation (2.4)

where T is the absolute temperature, AHnmix and ASyix are defined as the enthalpy and
entropy of mixing, respectively [88]. For SWNTs, the large molecular weight and high rigidity
lead to an extremely small ASqix [76, 89]. Due to their large mutual attraction, AHmix is
expected to be positive for all polymer—nanotube dispersion [76], resulting in a positive
AGhnix, prohibiting nanotube dispersion. Therefore, for dispersion and stabilization of SWNTs
in solvents, AHpmix needs to be very small. NMP is one of the most efficient organic solvents
for dispersing pristine SWNTs. Hassan et al. studied the dispersion of SWNTs in NMP,
using a range of non-ionic surfactants, including Triton X 100, Pluronic F98, Igepal DM-970
in NMP [79, 90]. They reported a higher amount of SWNTs dispersed with the above
surfactants, compared to SWNTs obtained in NMP. However, the presence of non-ionic
surfactants in SWNTs dispersion does not facilitate isolation or stabilizing of SWNTs [79,
90]. Importantly, they reported the addition of PVP polymer to SWNTs/NMP dispersion,
resulting in debundling of the nanotubes [79], even after re-aggregation [90]. At the same
time, the relationship between the increase in PL intensity and SWNTs’ diameter revealed
that the debundling process depends on the diameter and chirality, and is more efficient for

larger diameters.

2.4 SWNTSs' sorting

This section introduces post-growth separation techniques designed to achieve a
homogeneous dispersion of SWNTs with a specific diameter or electronic properties.
Although a wide variety of techniques have been reported in the literature, the most
successful methods in terms of bulk separation or obtaining individual chiral nanotubes are
discussed.

The carbon nanotubes’ growth techniques, discussed in section 2.2, are producing a
heterogeneous mixture of nanotubes with mixed electronic properties (m-SWNTs and s-
SWNTSs) and different diameters. Separation is crucial for many of the potential applications
[91]. For example, m-SWNTs have attracted research interest for their electrical properties
as Very-large-scale integration (VLSI) interconnects. They feature high thermal stability and
conductivity, and large current carrying capacity, compared to copper [92]. On the other
hand, small diameter s-SWNTs (large band gap) are ideal ballistic conductors for
applications in field effect transistor (FET). However, the presence of m-SWNTs or even the
large diameter of s-SWNTs (small band gap) can shorten the device [93].

Indeed, the growth control is the ideal method for sorting the SWNTSs. This approach does

not need additional treatment and could preserve the tubes’ intrinsic properties. However,
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this approach is not yet capable of satisfying the basic research and technical applications
[94].

To date, post-growth separation approaches, such as dielectrophoresis [93, 95, 96], density
gradient ultracentrifugation (DGU) [63, 71, 97, 98] and gel chromatography [99], are the
most widely used routes for SWNT sorting. The dielectrophoresis method was first reported
by Krupke et al. in 2003 [93]. They exploited the difference of relative dielectric constants
between two types of SWNTs and developed alternating current (AC) dielectrophoresis.
They reported that sorting SWNTs by electronic type (s-SWNT and m-SWNTs) could be
successfully obtained by exploiting the difference in dielectric constant between s-SWNT
and m-SWNTs. Dielectrophoresis is a simple and easy method for separation s-SWNT and
m-SWNTs. However, the limitation of this method is the low yield, limited electronic purity
of the separated tubes and not being suitable for chirality separation [94].

In 2005, Arnold et al. reported SWNTs diameter separation using the DGU [63]. In this
process, the different structures of SWNTs have different densities, due to the selective
adsorption of surfactants into the surface of the tubes. During the separation process, the
different structures of the nanotubes move towards their isopycnic point, where their density
positions along the centrifuge tube is equal to that of the surrounding medium.

Later, Feng et al. reported uniform DGU (U-DGU) with improved mass production for both
s-SWNTs and m-SWNTs [100]. In this process, SWNT dispersion (after ultrasonication and
pre ultracentrifugation) is mixed with the density gradient agent iodixanol and loaded to
centrifuge tubes to separate the structure of SWNTs. Recent work on the optimization of
this technique has resulted in an extraction yield of 65% and a purity exceeding 95% for
both s-SWNTs and m-SWNTs [101].

Summarizing, the DGU technique shows a powerful ability for not only the separation of s-
SWNTs and m-SWNTs but also the separation of various (n, m) chiralities. Although the
separated s-SWNTs and m-SWNTs were commercialized, this method suffers from the
disadvantages of high cost, and, moreover, is time-consuming, which thus extremely limits
the yield of the separated nanotubes, especially the single-chirality nanotubes [94, 102].
As an alternative approach, Kataura et al. developed a gel chromatography technique. In
2008, they reported the use of gel chromatography for the separation of SWNTSs, which can
be achieved by using gel electrophoresis. They demonstrated m-SWNTs were driven from
the input end of a gel column to the other under the electric field due to their weak adsorption
onto the gel, whereas the s-SWNTs were absorbed onto the gel medium and remained
stationary [103]. Over the past years, the Kataura group has successfully demonstrated the
large-scale separation of single-chirality using the gel chromatography method [104-106].
Recently, it has proposed an advanced approach via column chromatography using mixed

surfactants. They reported that the synergistic effect of the triple surfactants could be used
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to amplify the difference in the surfactant coverage around different nanotubes to improve
the separation efficiency, purity, and yields of SWNTs [106]. Using this technique, they
successfully separated 12 different (n,m) single-chirality species of s-SWNTs with the purity
exceeding 90%.

To sum up, among the discussed approaches, gel chromatography exhibits high resolution
for sorting different-structure SWNTs and producing single-structure chirality with identical
properties. Additionally, gel chromatography methods are the most suitable for large-scale
production.

The major limitation facing all the discussed methods is the dependence on initial high
quality SWNT dispersions produced via ultrasonication process, where the SWNTs can be

inherently defected during ultrasonication, resulting in the degradation of separation purity.

2.5 Optical characterizations

Optical absorption spectroscopy, photoluminescence (PL) and Raman are widely used as
optical tools to characterize the carbon nanotubes. The techniques are readily available,
relatively simple and can be done under standard laboratory conditions. Furthermore, the
optical techniques are non-destructive and rely on the photon, a massless and charge-less
particle, as a probe. In this section, | discuss the characterization of SWNTs’ dispersion
using optical spectroscopy techniques. Additionally, primary attention is given to the effect
of isolated s-SWNTs and small-size bundles of nanotubes.

Since the discovery of carbon nanotubes, considerable efforts have been devoted towards
understanding their physical and optical properties. The unique 1D structure of SWNTs
leads to strong electron confinement, characterized by the electronic density of states
(DOS) of the nanotubes. Such electron confinement gives rise to series of sharp peaks
called Van Hove singularities, which represent the electronic and optical properties of the
nanotube. The Van Hove peaks correspond to energy levels, commonly abbreviated as Ej;,
where E represents the optical energy transition from E; in the valence band to E; in the
conduction band. For the first time in 1999, Kataura et al. calculated the bandgap energies
for SWNTs and revealed the energy separation between the Van Hove singularities as a
function of the diameter of the tube [107]. Figure 2.6 shows the schematic for Van Hove
peaks related to electronic state density of s-SWNTs. The figure presents an example for
absorption of a photon in the high energy band at E2 (V2 to C») and its subsequent emission
near low energy band Eq (Cs to V4) after non-radiative relaxation of the electron in the

conduction band (C¢) and hole in the valence band (V/).
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Figure 2.6: Schematic representation for density of electronic state of semiconductor
SWNTs. The sharp peaks represent Van Have singularities.

Later, it turned out that, due to the existence of excitonic effects in the nanotubes the single-
particle picture is not enough for a detailed analysis. The first direct proof for excitonic
effects in SWNTs was experimentally demonstrated in 2005, using two-photon PL excitation
spectroscopy [108, 109]. It is now generally accepted that exciton dominates the optical
properties of the nanotubes, including the optical dynamics and optical nonlinear response,

even at room temperature [110].

2.5.1 Optical absorption

UV/Vis/NIR absorption spectroscopy has proven to be a reliable and inexpensive technique
for SWNT samples’ characterization. It is capable of revealing the physical and electronic
properties of SWNTs within liquid dispersion or composites.

A standard technique for optical absorption measurement consists of a light beam of
selected wavelength transmitted from an optical monochromator passing straight through
the sample and into the detector. The response of the s-SWNTs to the incident light beam
is dominated by a sharp interband transitions arising from a series of Van Hove singularities
[111]. Figure 2.7 presents absorption spectra for carbon nanotubes with different growth
methods, i.e. LAs (curve 1), HiPco (curve 2), AD (curve 3), COMoCAT (curve 4) and DWNTs
(curve 5). The shape of the peaks is widely used to probe the presence of isolated SWNTs
[15, 55, 112]. For example, curve 2 in figure 2.7 represents three main absorption bands in
the spectrum, due to SWNT interband transitions. The spectral features from 1600 to 1100
nm and from 900 to 700 nm match the first (E11) and second (E22) excitonic transitions of s-

SWNTs, respectively [15, 107].The spectral feature below 550 nm is related to the M1
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transition of m-SWNTs [107]. Moreover, these peaks can broaden and redshift as a result
of SWNTs bundling [19, 113-116]. On the other hand, the shift in the absorption spectra is

also attributed to the dielectric constant (€) of the surrounding environment [113, 117-119].
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Figure 2.7 Absorption spectra for different types of carbon nanotubes hosted in
PVA composite: laser ablation (LA) (1), HiPco (2), arc discharge (3), COMoCAT (4)
and DWNTs (5)

Curve 5 in figure 2.7 exhibits two absorption bands for DWNT spectrum (max at ~ 1100 nm
and ~ 1900 nm), which are a combination of excitonic transitions from both inner and outer
walls of DWNTSs’ structure [120, 121]. This corresponds to the tube diameter range from
0.75t0 1.15 nm (E41 at ~ 1100 nm) and 1.5 to 1.9 nm (E11 at ~ 2000 nm and E»; at ~ 1100
nm) [120, 122], respectively. Additionally, this matches with the statistical DWNTSs’ inner
and outer diameter distributions [120]. The 8% of the existing SWNTSs in the sample have a
diameter range similar to that of the inner wall of DWNTSs. Therefore, E11 absorption of these
SWNTSs also contributes to the ~ 1100 nm absorption peak from the E11 of inner and E; of
the outer walls of DWNTSs.

Estimation of SWNTs’ concentration in the final SWNTSs’ dispersion is commonly carried out
using optical absorption spectroscopy. In the absence of scattering losses, the absorbance

of SWNTSs’ dispersion is related to its concentration by the Beer-Lambert law:

A, =a,lC Equation (2.5)
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where C is the concentration of SWNTSs in the dispersion (g. L '), 4, is the absorbance of
the SWNTSs at known wavelength A (in arbitrary units), «, is the corresponding absorption
coefficient (Lg™. m™') and / is optical path length in (m).

It is essential to measure the value of «, at different wavelengths from a set of SWNTs’

dispersions with known concentration [78, 79, 83]. These wavelengths are carefully chosen

to match the distinct peaks of the SWNTSs in the absorption spectra. The obtained values of

o, can then be used to assess the concentrations of SWNTs in the unknown SWNTs’

dispersion. Additionally, the absorption coefficients for HiPco [56, 78, 79, 83, 123] and
CoMoCAT [124] are previously reported in the literature at different absorption wavelengths
for a range of liquids. For example, reference [78] reported the absorption coefficient for
HiPco nanotubes dispersed in NMP at dsso nm =3250-3500 L g'.m™" for a concentration of
0.1-0.001 g/L. Later, Hasan et al. estimated the absorption coefficient for the same
dispersion at different wavelengths and reported dsso nm =4200 L g™*.m™' [79]. The difference
between the two values can be explained by the different sample processing conditions.
Additionally, reference [79] considered the presence of the 20 wt% of impurities and
excluded them from the total used concentration in the HiPco powder. Therefore, for reliable
estimation, it is crucial to consider comparable sample parameters involved in preparing the
SWNTs’ dispersion before using absorption coefficients from the literature to estimate the
nanotubes’ concentration. These parameters include materials properties, sonication (bath

or tip sonication) and filtration (centrifugation or vacuum filtration).

2.5.2 Photoluminescence

Photoluminescence (PL) spectroscopy provides another optical characterization technique for
SWNTs in liquids and composites. The first demonstration of PL for SWNTSs goes back to 2002,
when O'Connell et al. reported, for the first time, fluorescence across the band gaps of individual
SWNTs in aqueous dispersion [15]. s-SWNTs fluorescence is remarkably photo-stable with
no evidence of blinking or photo-bleaching after extended exposure to excitation [21].
Basically, the nanotubes (excited at the visible wavelengths) emit PL in the NIR range.
Figure 2.8 illustrates different representations of PL data for SWNTSs’ dispersion in DI water,
such as 3D (figure 2.8a) and 2D (figure 2.8b) maps for SWNTs’ dispersion in deionized
water (DI). Additionally, these maps can be further analyzed by extracting the PL intensity

as a function of emission (figure 2.8c) or excitation (figure 2.8d) wavelengths.
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Figure 2.8 Examples of PLE map 3D (a), 2 D (b) and PL emission (c), PL excitation

spectra for (6,5), (7,5) and (8,4) chiralities (d) for CoMoCAT SWNTs dispersion in DI
water.

In PL excitation-emission (PLE) maps, the PL intensity is recorded in NIR range as a
function of excitation (Aex) and emission (Aem) wavelengths. The excitation occurs at Aex =
E22, Eas, and Eas (300-800 nm), while Aem is only at E41 (950-1250 nm) [125, 126]. The
resulting PL peak corresponds to the bandgap of each s-SWNTs (n, m) chiralities of the
nanotube in the sample (figure 2.8). This typically corresponds to (6,5), (7,5), and (8,4)
chiralities of the SWNTSs, as shown in figures 2.8 a-b. Additionally, the PLE map in figure
2.8b near (570 nm, 1025nm) is associated with the resonant excitation of ehs (6,5)
sideband and emission from eh11 of (7,5). Tan et al [116] reported this feature due to energy
transfer from the excitonic sidebands of the eh,, excitons from (6,5) donors to eh of (7,5)
acceptors.

Moreover, PL emission from the nanotubes can be detected only from individual s-SWNTs
and small size bundles of tubes. However, the presence of m-SWNTs in the bundles
promotes overall metallic behaviour and results in quenched PL. The PL quantum yield for
SWNTs was reported in the range up to a low percentage [19, 20], and it was further

improved to 20% by optimizing the dispersion procedure of individual nanotubes [127].
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Furthermore, Weisman and Bachilo defined E11 and E22 energy transitions as a function of
chirality (n,m). for a wide range of s-SWNTs [128].

SWNTs’ PL peaks can shift in the emission wavelength or change in their intensity, due to
changes in the surrounding environment. This opens the horizon to build efficient sensitive

and robust optical sensors in complex chemical and biological environments.

2.5.3 Raman spectroscopy

Raman spectroscopy is the most sensitive optical tool to investigate the structure of carbon
nanotubes before dispersion (in powder) and after (in liquid, or film) forms. Moreover, it is
very informative and can be used to study several parameters, such as diameter, chirality,
metallic or the semi-conducting nature of the tubes and quality of the sample. For example,
figure 2.9 presents typical Raman spectra for SWNT/PVA composite. The spectra consist
of four bands in the studied range, namely radial breathing mode (RBM, 150-300 cm™),
Disordered (D-mode, ~1350 cm™"), graphite (G mode, 1590 cm™), and 2D mode (second-
order Raman scattering from D-band variation, also called G', ~2500-2900 cm™).

The RBM mode is the most important feature and appears only in carbon nanotubes as well
as fullerene structures [129, 130]. This mode is used to estimate the diameter and chirality
of SWNT [131]. Moreover, the frequency of the RBM mode (wrsw) is inversely proportional
to the tube diameter (d) and located at the frequency range wrsm =120 - 250 cm™’
corresponds to tubes diameters 1-2 nm. These features are helpful for determining the

nanotube diameters using the following relation:

Wppyy =A /d, +B Equation (2.6)
where A and B are constants and can be obtained experimentally. For example, reference
[132] have reported A = 234 cm™ and B = 10 cm™ for SWNT bundles. On the other hand,

reference [131] have reported A = 248 cm™" and B = 0 for isolated SWNTs on an oxidized

silicon substrate.
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Figure 2.9 Raman spectrum for SWNT/PVA composite measured at
excitation wavelengths 532 nm.

Raman spectroscopy is a valuable tool to determine the defects that have occurred on the
surface of the tubes during the sample preparation by monitoring the increase in the
intensity of D mode [133-135]. This mode occurs due to the breathing mode of the
hexagonal ring of the carbon atom, and it is located in the frequency range 1200 and 1400
cm™'[133-135]. The ratio of intensity at the D peak to the G peak (Io/lg) is widely used to
probe the structural quality of SWNTs samples [136]. For example, Ip/lc can be used to
determine the possible defects in the nanotube, due to the sample preparation process as
well as laser irradiation damage for SWNTs/PVA composite.

While the G band in graphite is dominated by a single strong peak at 1582 cm™, the G band
in SWNTs features with two strong peaks (G+ and G-). The splitting of these peaks resulted
mainly from the tube curvature. The overall shape and intensity of the G band can be used
to determine whether the tubes are m-SWNTs or s-SWNTSs.

The 2D-band is second-order Raman scattering from D-band variation, and it is located at
2600 cm™. The spectral position of 2D mode depends on the tubes’ diameter, so it can be
used to estimate the SWNTs' diameter [137].

Additionally, reference [138] performed Raman studies for SWNTs-surfactant-dye system.
They reported no significant shifts in the intensity or position of D, G and 2D modes for the
mixture of dye with SWNTs compared to neat SWNTs. Furthermore, no signatures of new
chemical bonds were reported. Therefore, they explained the interaction of the cationic dye

and anionic micelle SWNTs by non-covalent interaction (Coulomb attraction).
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2.6 Photonics applications

SWNTs are known for their fascinating physical properties that are paving the way for the
design and implementation of promising devices, including light harvesting, photonics
sensors, drug delivery, and energy storage systems [3, 50, 51, 139]. Moreover, SWNTSs’
surface offers strong interactions with the surrounding environment that can result in a
remarkable change of their properties. The intrinsic PL emission of SWNTs can shift and/or
change when interacting with molecules, indicating alteration of their electronic properties
[140, 141]. On the other hand, the advantage of the nanotubes interacting with the
surrounding environment can be exploited to develop new functional materials and build
efficient sensitive and robust optical sensor. For example, the recent work on a new
mechanism for detection of SWNTs dispersed with anionic surfactants in water using
cationic dyes shows the formation of a very promising three-component system made of
dye-surfactant-SWNT [138]. The three components in the system can interact, thus forming
complexes with enhanced PL. The complexes have strongly increased PL intensity from
SWNT levels in the NIR range, due to resonance energy transfer from the dye.

The most successful photonic application of SWNTs is SAs for ultrafast mode-locked fibre
lasers. Currently, the commercially employed SAs are group llI-V binary and ternary
semiconductors in the structure of multi-quantum wells (MQWSs). These are termed
semiconductor SA mirrors (SESAMs). Compared to SESAMs, SWNTs feature broad
spectral range, low saturation intensity, large third order nonlinear susceptibilities, faster
recovery time and easy fabrication [5]. Ultrafast laser pulses (i.e. ps and fs) are in high
demand in a wide variety of fields, including medical applications [26, 142, 143], time-
resolved spectroscopy [26, 142, 143] and materials processing [26, 142, 144, 145]. To date,
SWNT-based SAs have attracted significant research interest into mode-locked fibre lasers
[25, 146-148], waveguide lasers [149, 150], solid-state lasers [151, 152], and semiconductor
lasers [153], for broad operation wavelengths ranging from 780 to 2000 nm [25, 154-164].

2.7 Chapter conclusion

The unique optical properties of SWNTs promote them as a potential candidate for
photonics applications. However, a gap still exists between the reported experimental
results and the theoretical predictions [165-167]. Several fundamental processing
challenges should be overcome to enable full utilization of optical properties of carbon
nanotubes. The main difficulties with SWNTs are related to their heterogeneity, presence
of impurities and dispersibility in the liquid phase. There are still various improvements

needing to be done for the development of SWNTs for photonic applications, such as
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stability of SWNTs’ dispersion over time, controlling SWNTs’ bundle (e.g., size of the
bundle, the ratio of s-SWNTs to m-SWNTs in the bundle .... etc.) to enhance their optical

properties.
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Chapter 3: Dioxaborine dye as a
selective photoluminescence probe for
single-wall carbon nanotubes

3.1 Introduction

Functionalization of nanostructured systems have different chemical compositions
underpinning advance applications in nanotechnology. Particularly, one of the most
important up-to-date challenges is the construction of photoluminescent nano-ensembles,
which can be applied as effective chemical probes, labels for diagnostics and treatment of
live tissues, etc. [4, 5, 7-10, 168]. Thus far, the two-component system made of single-wall
carbon nanotube (SWNT)/surfactant has been extensively studied to produce highly stable
SWNT dispersion, considering attraction of the hydrophobic part of the surfactant to the
SWNT surface. However, SWNT/surfactant systems demonstrate NIR range
photoluminescence (PL) with the PL quantum yield in the range up to a low percentage [19,
20]. The increase in the PL signal from SWNTs was reported in the literature via covalent
formation of sp® defects on the SWNT surface [169], encapsulation of small organic
molecules inside the SWNTs [170] and non-covalent functionalization of the tube surface
with Tt-conjugated organic compounds [171-173]. Non-covalent functionalization using
surfactants is an attractive route to achieve homogenous dispersions with a high
concentration of SWNTSs. In general, non-covalent functionalization preserves the physical
and electronic properties of the nanotubes, at the same time giving them novel advantages
associated with the organic conjugates [50, 51].

The recent work on a new mechanism for detection of SWNTs dispersed with anionic
surfactants in water using cationic dyes shows the formation of a very promising three-
component system made of dye-surfactant-SWNT [138]. The three components in the
system can interact and thus form complexes with enhanced PL. The complexes have
strongly increased PL intensity from SWNT levels (E11) in NIR range, due to resonance
energy transfer (RET) from dye. However, the limitation of the studied cyanine based
complex is the RET in the range of PL excitation wavelengths, where the SWNTs have
strong intrinsic emission [138]. Therefore, PL intensity is increased relatively to SWNT
intrinsic emission, so the complexation effect has limited relative sensitivity.

This chapter focuses on studies of an interaction of the SWNT with
indopentamethinedioxaborine dye (DOB-719) having an extended tr-conjugated system
(figure. 3.1) and absorption in NIR range. The choice of the dye is motivated by its unique

interaction with the SWNT, which has resulted in the development of new PL peaks in the
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range of excitation wavelength at 650-780 nm, where the PL emission of the SWNT is very

low.

CO.H
Figure 3.1 Molecular structure of DOB-719

Generally, polymethine dyes with dioxaborine terminal group own intense PL signals,
efficient two-photon absorption, high hyperpolarizability [174], and features of effective PL
probe for amines and ammonia [175-177]. Optical properties (absorption and PL) of
monomeric and dimeric forms of DOB-719 were reported by Shandura et al [177] showing
that there are weak interactions of the SWNT with DOB-719. The novelty of this study is in
the elucidation of the interaction between the dye and SWNT, providing clear evidence of
the RET from DOB-719 to the SWNT [178]. The obtained results from this study allowed
the proposal to mechanism of interaction between the SWNT and DOB-719, where the dye
is attracted to the SWNT surface via 1-11 stacking, with the hydrophobic part facing the

aqueous medium by polar groups [178].

3.2 Materials and methods

3.2.1 Materials

The indopentamethinedioxaborine dye (DOB-719) used in this study was supplied by
the Institute of Organic Chemistry (NASU, Ukraine). Further details about purity and
synthesis of the dye is reported by reference [178]. According to the SouthWest
NanoTechnologies (SWeNT Inc). technical data sheet, SWNT (purchased from SWeNT
Inc., CG100, Lot # 000-0012) powder has carbon purity of 90 wt% with nanotube diameters
distribution from 0.7 -1.3 nm.

Dispersions of SWNT were prepared using a range of surfactants. The choice of surfactants
is motivated by their efficiency in dispersing SWNTs [72]. This includes anionic surfactants,

such as sodium dodecylbenzene sulfonate (SDBS), sodium taurodeoxycholate (STDOC),
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sodium deoxycholate (SDOC). Furthermore, neutral surfactant, polyvinylpyrrolidone (PVP)
and the cationic surfactants cetyltrimethylammonium bromide (CTABr), cetylpyridinium
chloride (CPCL) were also used to study their effect on RET. Figure 3.2 presents the

molecular structure of surfactants used in this study.
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Figure 3.2 Molecular structure of surfactants used in this study. Abbreviations: SDBS:
sodium dodecylbenzene sulfonate, STDOC: sodium taurodeoxycholate, SDOC: sodium
deoxycholate, PVP: polyvinylpyrrolidone, CTABr: cetyltrimethylammonium bromide, CPCL
cetylpyridinium chloride.

3.2.2 Sample preparation:

In this section, | describe the sample preparation procedure. The samples under study are
neat SWNT dispersions, dye solutions and mixtures of SWNT, with dye as prepared and
aged (measured 24 hours after the mixing) all in deionized water (DI). Table 3.1 shows
different amount of initial SWNT dispersions used to prepare mixtures of DOB-719 and
SWNTs with various surfactants. | used different amounts of initial SWNT dispersions
because of different efficiency of the used surfactants to yield various concentrations of
nanotubes in the dispersions. 1.2 mg of SWNTs (CoMoCAT CG 100) was dispersed in 20
mL of DI water in the presence of one of the surfactants mentioned in table 3.1. The use of
higher amounts of Triton X-100 and PVP is justified by the need to increase the
concentration of individual tubes to have a reasonable PL signal from their dispersions.
Whereas, the different concentration of surfactants at the initial SWNTs dispersion (table

3.1) was chosen to maintain the surfactant concentrations at CMC [179]. Next, the mixtures
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of SWNTs and surfactant in DI were subjected to ultrasonication using a NanoRuptor
(Diagenode) processor for one hour at 21 kHz and 250 W. Then, the mixture was
ultracentrifuged using Beckman Coulter Optima Max-XP for two hours and 30 minutes at
17 °C using (MLS 50 rotor) at 45000 RPM. The top 70% of the final dispersion was used as
an initial SWNTs dispersion to carry out this study. Importantly, the concentrations of
specific SWNTs in all the mixtures and neat SWNT dispersions were the same in our

experiments, unless otherwise stated.

Table 3.1: Surfactant parameters for SWNTs’ dispersions used in this study.

Relative SWNTs
. concentration used
Initial "
. from the initial
Surfactant concentration ; )
(mg/mL) SWNTs dispersion
to prepare the dye-
SWNTs mixture (%)
SDBS 0.33 20
Anionic STDOC 0.28 10
SDOC 0.33 3
Neutral Triton X-100 0.85 95
PVP 0.98 95
Cationic CTABr 0.37 20
CPCL 0.06 20

3.2.3 Experimental setup

The optical absorption spectra were recorded using Lambda 1050 UV/VIS/NIR (Perkin
Elmer) spectrometer with 1.5 nm increment. According to the technical specifications of
Lambda 1050 UV/VIS/NIR, the spectrometer has wavelength accuracy of £+ 0.08 nm at
UV/Vis and = 0.3 nm at NIR. The deionized water (DI) was used as a reference in all
measurements of the absorption spectra. The PL emission spectra at various excitation
wavelengths were registered, using a Horiba NanoLog excitation-emission
spectrofluorometer equipped with an InGaAs array detector (cooled by liquid nitrogen) and
Si detector. The PL measurements in the NIR were recorded using entrance/exit slits of 14
nm in width for both the excitation and emission monochromators. An entrance/exit of 2 nm
slits was used for both the excitation and emission monochromators in the visible range
measurements. According to the technical specifications, the NanolLog excitation

monochromator accuracy is 0.5 nm and 0.3 nm emission imaging spectrograph.
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3.3 Results and discussion

This section presents experimental studies on the interaction of DOB-719 and SWNTs
using absorption and photoluminescence (PL) spectroscopy. First, subsection 3.3.1
characterizes the effect of the dye concentration on the energy transfer to the tubes. Next,
the effect of dye ageing using as prepared and aged (measured 24 hours after the mixing)
solutions of neat DOB-719 and mixtures of DOB-719 with the SWNT in water is studied in
subsection 3.3.2. Then, SWNT dispersions in the presence of anionic, cationic, and neutral
surfactants are separately examined in subsection 3.3.3 to compare their PL spectral
properties, particularly at excitation wavelength (Aex ) = 735 nm, where the RET has its

maximum.

3.3.1 Effect of DOB-719 concentrations on energy transfer to SWNT

Weak interaction of the SWNT with DOB-719 was reported in the literature [177].
Shandura et al. have used high concentrations of the dye (0.001-0.02 mg/mL) in their
studies, showing low PL emission from the E1 levels of SWNTs in NIR range with Aex =
700-760 nm and thus evidencing weak interaction of the SWNT with DOB-719. Recently,
we have revealed that at lower concentrations of the dye, the features of the interaction of
SWNT and DOB-719 become much stronger, resulting in the emergence of new
spectroscopic features[178]. | studied DOB-719 concentrations of 0.00025, 0.0005, and
0.001 mg/mL observing strong interaction of the dye with SWNTs dispersed using SDBS.
The choice of SDBS can be explained with high efficiency in dispersing SWNTSs, due to the
presence of a small head group with the benzene ring and long alkyl chain [54].

The normalized absorption spectra of DOB-719 in water shown in figure 3.3a define the
presence of monomeric form (free molecules) of the dye with a maximum spectral peak at
wavelength v = 687 nm. Moreover, v is constant, regardless of the dye concentration,
with good agreement with Shandura et al. [177]. Additionally, an increase of the
concentration of the dye in aqueous solution above 0.001 mg/mL results in growing
contribution of DOB-719 dimers (two dye monomers attached together) featured by a blue-
shifted peak. A growth of the second maximum in the spectral range of 600-650 nm occurs
at concentrations higher than 0.00025 mg/mL evidencing formation of DOB-719 dimers.
The dimers start to form considerably at the concentrations higher than 0.00025 mg/mL
resulting in growth of the second maximum in the spectral range of 600-650 nm as shown
in figure 3.3b. Based on Gaussian deconvolution, the second vibrational transition of the

dye monomers has a band with a maximum at absorption A = 629 nm and dimeric peak at
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the absorption A = 600 nm. Additionally, Gaussian deconvolution confirms the dye monomer

peak at Am = 687 nm.
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Figure 3.3 a) Normalized absorption spectra for aqueous solutions of as prepared
DOB-719 concentrations of 0.00025 mg/mL (1), 0.0005 mg/mL (2), 0.001 mg/mL (3) and
0.002 mg/mL (4). b) Deconvolution of absorption spectrum for DOB-719 at concentration
0.002 mg/mL. Inset: Aqueous solution of as prepared DOB-719 at concentration of 0.001
mg/mL.

Figure 3.4 shows the absorption spectra for the mixtures of DOB-719 and SWNT at the
studied dye concentrations. The absorption of neat SWNT dispersion in the range of 400-
800 nm (figure 3.4a, curve 1) characterizes low-intensity E>> and M11 excitonic transitions
[128]. The absorption spectra for the mixtures of DOB-719 with SWNTs features a new
absorption peak at A =742 nm, regardless of the dye concentration in the mixtures (figure
3.4a, curves 3-5). Importantly, the absorption spectrum for SWNT mixture containing DOB-
719 at a concentration of 0.001 mg/mL (figure 3.4a, curve 3) resulted in two maxima at
absorption wavelengths 692 nm and 742 nm. The former peak is a signature of the dye
monomers in the mixture and the latter peak corresponds to the dye molecules associated
with the SWNTs. On the other hand, SWNTSs’ dispersion, containing dye at concentrations
lower than 0.001 mg/mL (curves 4-5 in figure 3.4a) displayed no peak corresponding to the
dye monomer at absorption wavelengths 692 nm. This finding indicates that all dye
molecules at concentrations below 0.001 mg/mL are complexed with SWNTs. However, at
a dye concentration of 0.001 mg/mL (figure 3.4a, curve 3) the monomer signature appeared
at A =692 nm, evidencing the presence of free DOB-719 molecules in the mixture.

To sum up, the presence of the DOB-719 at a concentration of 0.001 mg/mL at SWNTs’
dispersion resulted in the emergence of the new 50 nm redshifted absorption peak (figure

3.4a, curves 3), compared to the peak of DOB-719 monomer (figure 3.4a. curve 2). The
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new peak can be explained with the complexation of the dye with the SWNT. Therefore, the
ratio of absorption intensity for these peaks allows monitoring the amount of the dye
monomers in the mixture as well as the amount of the dye complexed with the SWNT.
Similar behaviour has been reported for the interaction of SWNT/porphyrin, where a 20 nm
split in the porphyrin band was observed, due to the presence of the nanotubes [180].

Figure 3.4b, curve 1 presents the absorption spectrum of the neat SWNT in the range of
950-1200 nm exhibits E11 peaks at A = 986, 1031, and 1127 nm. These peaks correspond
to E11 excitonic transitions of chiralities (6,5), (7,5) and (8,4), respectively [128]. The
presence of DOB-719 in the SWNTs mixture resulted in redshifted E1+* peaks (figure 3.4b,

curves 3-5), compared to neat SWNTSs dispersion.

a) b)
0.20
1.—— SWNTs 0.06
2~ DOB-719
0.1643 — — Mixture A 0.051
@ 4, —— Mixture'B
3] [ Viixture: 8 0.041
S 01245—— Mixture C Q
[}
2 2 0.031
[e] o
2 0.08- @
< < 0.02- o o
0.04 0014 USSR SOOI WU DUSSRNN SUSSOOR SO USRS O
0_00:::::::; 0.00+—7F"—+—rT——r+————
400 500 600 700 800 950 1000 1050 1100 1150 1200 1250

x(nm) Mnm)

Figure 3.4 Absorption spectra in (a) visible and (b) NIR ranges for dispersions of
SWNT with SDBS (1), as prepared aqueous solutions of neat DOB-719 at concentration
of 0.001 mg/mL (2), mixtures of as prepared DOB-719 with SWNT at DOB-719
concentrations of 0.001 mg/mL for mixture A (3), and 0.0005 mg/mL for mixture B (4) and
0.00025 mg/mL for mixture C (5).

Table 3.2 summarizes the Eq{1 and E1* absorption peak positions for neat SWNTs’
dispersion and the mixtures of DOB-719 with SWNTs, respectively. Peaks corresponding
to (6,5) chirality are redshifted in the range 25-30 nm, whereas (7,5) peaks are redshifted
in the range of 21-24 nm, due to raising the concentration of the dye in the SWNT mixtures
(table 3.2). However, the E+1 peak corresponding to (8,4) chirality displays different scenario
compared to (6,5) and (7,5) chiralities. Mainly, the admixture of DOB-719 at the lowest
concentration (0.00025 mg/mL) to SWNT (figure 3.4b, curve 5) resulted in a decreased
peak intensity for (8,4) chirality, compared to neat SWNTs (at A =1127 nm) and formation
of a new peak at A =1176 nm, related to the dye molecules associated with the SWNT.
Thus, increasing the dye concentration in the mixtures diminishes further the neat SWNT

contribution and enhances the redshifted E11* peak for SWNTSs interacted with dye.
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From this observation, a new mechanism describing the interaction of DOB-719 with
nanotubes of all chiralities can be proposed. The admixture of the dye to SWNT results in
a decrease of the E11 peaks for neat SWNTs and a formation of a new redshifted peak E11*,
related to the dye molecules associated with the SWNT regardless of the chirality.
Therefore, the observed effect for (8,4) chiralities could imply the same behaviour for (6,5)

and (7,5) chiralities at dye concentrations below 0.00025 mg/mL.

Table 3.2: Peaks of absorption spectra for the neat SWNT dispersions (E11) and the as
prepared mixtures of SWNT with DOB-719 (E11*) at concentration of 0.00025, 0.0005 and
0.001 mg/mL.

SWNT predominant chirality (6,5) (7,5) (8,4)
E11 peaks for dispersion of neat SWNT 986 nm 1031 nm 1127 nm
E«1* peaks for as | 0.00025 mg/mL 1013 nm 1052 nm 1164.5 nm
prepared mixtures of
SWNT and DOB-719 | 0.0005 mg/mL 1016 nm 1055 nm 1170.5 nm
at the following
concentrations: 0.001 mg/mL 1011 nm 1053 nm 1161.5 nm
Redshifts 0.00025 mg/mL | 27 nm 21 nm 37.5nm
AE11 = E11* - E11
0.0005 mg/mL 30 nm 24 nm 43.5 nm
0.001 mg/mL 25 nm 22 nm 34.5 nm

The E; transition energies of the nanotubes strongly depend on the dielectric constant of
both the SWNTSs and the background of their surrounding environment (eng). The dielectric
screening effect becomes particularly evident for SWNTs dispersed in liquids, compared to
the nanotubes in the air [181]. Therefore, an increase of &ng results in a redshift of E;
transition energies [181, 182]. In this work, the minimum shift obtained in E11 exciton energy
is 21 nm (24 meV) for E41 peaks corresponds to (7,5) chirality due to the admixture of the
dye to SWNTs (figure 3.4b, table 3.2). Moreover, the maximum is 43.5 nm (40.9 meV) for
(8,4) chirality, due to the admixture of the dye to SWNTs (figure 3.4b, table 3.2), which is
lower than the average shifts of AE11 = 55 meV obtained in the literature [181]. On the other
hand, the redshifts shown in table 3.2 are much lower than the redshift reported in reference
[182], due to decreasing amounts of surfactant around nanotubes by dilution. In the studied
complex of DOB-719 with SWNT, the local increase of eng can be achieved in two ways; (i)
better access of water to the SWNTs and/or (ii) by bringing polar groups of the dye near the

nanotube surface. Thus, the observed redshifts of nanotube transitions at E{1 can be
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justified by the increase of e,y around the SWNTs, due to the presence of the DOB-719
molecules.

Figure 3.5 shows the PL excitation-emission (PLE) maps in the NIR range, with the X-axis
representing emission wavelength (Aem) and Y-axis representing excitation wavelength (Aex)
for the SWNT dispersed with SDBS (figure 3.5a) and as prepared mixtures of DOB-719 with
the SWNT dispersion at different dye concentrations (figure 3.5 b-d). In figure 3.5a, the
predominant (6,5), (7,5), and (8,4) chiralities of the SWNT in the studied dispersions are
registered in the range of Aex at Ez, Ess, and Es (300-800 nm) and Aem at Eq1 (950-1350
nm) [125, 126].
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Figure 3.5 PLE maps for neat SWNTSs' dispersion with SDBS (a) and mixtures of
SWNTs with DOB-719 at concentrations of 0.00025 mg/mL (b), 0.0005 mg/mL (c) and 0.001
mg/mL (d). The vertical dashed lines show \em for E11 of (6,5), (7,5), and (8,4) chiralities,
The horizontal dashed lines show the position of new PL peaks at Aex = 735 nm (the RET
from DOB-719 to the SWNT) and the position of DOB-719 monomers maximum at Aex =
685 nm. High PL intensities are indicated in red colour, whereas low intensities are indicated
in blue colour.

52



Figures 3.5 b-c show additional new PLE features, compared to figure 3.5a in the range of
Aex = 650-780 nm with a maximum PL inensity at Aex= 735 nm and Aem, corresponding to
the E11 SWNT emission. The new spectral features in the PLE maps for the mixtures of
DOB-719 with the SWNT appear, due to the interaction of the dye with the nanotubes and
development of nanostructure complexes, consisting of dye-surfactant-SWNT. A similar
complexation phenomenon has been reported for SWNTs-astraphloxin system with a
maximum PL intensity at Aex= 555 nm [138]. Importantly, at this excitation wavelength (Aex
= 555 nm ), SWNTs have stronge internsic emission specifically from (6,5) chirality.
However, the excitation wavelength (Aex= 735 nm ) for the SWNTs-DOB-719 system where
the SWNTSs’ internsic emission is very low. Moreover, the SWNTs-DOB-719 system is
distinct by a strong redshift of the intrinsic SWNT peaks in the Aem and quenching of these
SWNT emission peaks. The strong redshifts for Aem maxima of the mixtures in comparison

with the neat SWNTSs for all chiralities are summarized in table 3.3.

Table 3.3: Peaks of PL emission spectra for the SWNTs dispersed with SDBS (E11) and
the mixture of SWNT and DOB-719 (E+1’) at concentration of 0.00025, 0.0005 and 0.001
mg/mL.

- (6.5) (7.5) (84)
SWNT chirality at Aex = 570 nm at Aex = 650 at Aex = 590
nm nm
Aem (E11 or E41%)
gw%?ks for dispersion of neat 987.0 nm 1032.1 nm 1120.5 nm
E+1* peaks for as 0.00025 mg/mL 1017.7 nm 1056.8 nm 1160.3 nm
prepared 0.0005 mg/mL 1018.8 nm 1057.1 nm 1163.7 nm
mixtures of
SWNT and DOB-
719 at the 0.001 mg/mL 1018.0 nm 1057.0 nm 1161.0 nm
following
concentrations
Redshifts 0.00025 mg/mL 30.7 nm 24.7 nm 39.8 nm
AE+; = Eq* - Exy 0.0005 mg/mL 31.8 nm 25.0 nm 43.2 nm
0.001 mg/mL 31.0 nm 24.9 nm 40.5 nm

The minimum and maximum redshifts observed at E11 peaks of PL emission spectra for
mixtures of SWNT and DOB-719 in table 3.3 coincide with redshifts of E11 peaks obtained
from absorption spectra in figure 3.4b (table 3.2). The minimum redshifts are observed for
(7,5) chirality and the maximum ones are for (8,4) chirality. The variations in redshift for
different SWNT chiralities (tables 3.2 and 3.3) can be explained by structural matching of
the 1r-electron systems of specific chiral SWNT and extended tr-electron system of the
studied dye. The different redshifts provide not only another parameter for sensitivity to the

nanotubes but also show selectivity of the PL detection towards the SWNTs’ diameters.
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Figure 3.6 PL spectra for neat SWNTSs’ dispersion with SDBS (1) mixtures of as

prepared DOB-719 with SWNT at DOB-719 concentrations of 0.00025 mg/mL for mixture
A (2), and 0.0005 mg/mL for mixture B (3) and 0.001 mg/mL for mixture C (4). PL spectra
at \ex = 735 nm (a) and PL excitation spectra for (6,5) (b), (7,5) (c), and (8,4) (d) chiralities.
Aem for excitation spectra (1-4) are mentioned in table 3.3 as E11 and E1* peaks of PL
emission spectra.

The PLE maps in figure 3.5 were analyzed to have a better understanding of the new
spectral features. For this, the PL emission (figure 3.6a) and excitation (figures 3.6b-d)
spectra were extracted from the PLE maps for neat SWNTs and mixtures of SWNTs with
DOB-719 (figure 3.5). The PL emission spectra (figure 3.6a) were extracted at Aex = 735
nm, referring to the excitation maximum for the complexation of DOB-719 with the SWNT.
The excitation spectra (figures 3.6b-d) for mixtures of DOB-719 and the SWNT were
extracted at various Aem, corresponding to PL peaks for (6,5), (7,5), and (8,4) chiralities for
neat SWNTs’ dispersions and different concentrations of the dye in the mixtures (table 3.3).
The PL spectra in figure 3.6a showed different effects of DOB-719 concentrations on
SWNTs of each chirality, indicating selectivity in PL sensing of SWNTs of different
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diameters. The peaks corresponding to (6,5) chirality display the maximum RET for the
SWNTs’ mixture containing the dye at concentration of 0.0005 mg/ mL, whereas RET for
(7,5) and (8,4) chirality peaks has maximum at 0.001 mg/ mL.

Comparing the PL intensities at Aex = 735 nm (figures 3.6 b-d) for both neat SWNTs and
mixtures of SWNTs with DOB-719 having new RET peak, | have estimated the sensitivity
parameter: PL intensity enhancement. For example, the PL intensities for (6,5) and (7,5)
chiralities in the mixtures have grown approximately five times, compared to PL intensity for
the neat SWNT, due to raising the concentration of the dye in the SWNT mixtures up to
0.001 mg/mL. However, the PL intensity for (8,4) chirality has increased approximately 2.5
times only. This indicates that the RET from the dye attached to the (6,5) and (7,5) chiralities
is more efficient, compared to the RET for (8,4) chirality.

The presence of DOB-719 at the SWNTs’ mixture resulted in quenching the PL peaks of
the intrinsic E11 SWNT emission for all SWNT chiralities (figures 3.6 b-d, for (6,5) at
Aex = 570 nm, for (7,5) Aex = 650 nm, and for (8,4) at Aex = 590 nm) and formation of new
redshifted PL emission peaks (E11*) related to SWNTs interacted with dye (figures 3.6 b-d,
for (6,5) at Aex =580 nm, for (7,5) Aex =670 nm, and for (8,4) at Aex = 605 nm). The
admixture of dye at the lowest concentration (0.00025 mg/mL) has severely quenched the
PL peaks of the intrinsic SWNT emission and allowed development of the redshifted PL
peaks with an average decrease of 85% in PL intensity for all SWNT chiralities, compared
to intrinsic PL intensity of the SWNT. However, at the higher concentration of the dye in the
mixtures (0.001 mg/mL), the redshifted PL peaks (E11’) grow, showing efficient formation of
the dye-SWNT complexes. The quenching mechanism of the intrinsic SWNT PL peaks and
growth of new PL peaks are consistent with the discussion related to the decrease of the
E+1, and the rise in E14 absorption peaks evidenced (8,4) SWNTs in figure 3.4 b. Generally,
increasing the DOB-719 concentration in the mixtures hinders the intrinsic PL emission for
all SWNT chiralities, and improves PL emission from peaks related to SWNTs interacted
with dye.

However, in the complexation system of astraphloxin-SWNT, intrinsic PL peaks of the
SWNT were practically unchanged [138]. The quenching of intrinsic SWNT emission
evidences direct interaction of DOB-719 and the SWNT, which, in the case of the
astraphloxin-SWNTs complex, is confined only by the presence of anionic surfactant.
Seemingly, SDBS does not affect the interaction of DOB-719 and the SWNT.

The effect of the SDBS surfactant concentrations was studied by measuring the absorption
of the mixtures of SWNTs and DOB-719 with SDBS concentration above CMC (0.4 mg/mL)
and below CMC (0.065 mg/mL), where CMC of SDBS was reported at 0.15 mg/mL [183].
Absorption spectra were measured for the mixtures of DOB-719 and the SWNT dispersed

with SDBS at both premicellar (figure 3.7, curve 3) and micellar (figure 3.7, curve 4)
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concentrations. The mixtures with the micellar concentration of SDBS showed no
absorption peak at 742 nm corresponding to the dye complexes with the SWNT. Thus, there
are no RET from the dye to the SWNT, when micelles of surfactant are entirely covering the
nanotubes preventing attachment of the dye. Additionally, the absorption spectrum for the
mixture of DOB-719 and SDBS at premicellar concentration was measured (figure 3.7,
curve 3), showing superposition of two materials only, with no evidence of interaction
between the surfactant and the dye in the absence of nanotubes. Referring to the previous
experimental work on the interaction of SDBS and astraphloxin, resulting in aggregation of
the dye [138, 184], no such behaviour was observed in the case of DOB-719. This finding
shows another dissimilarity of the studied system in comparison with the SWNT-SDBS-
astraphloxin, where the RET was the same efficient at the micellar concentrations
of SDBS [184].
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Figure 3.7 Absorption spectra for as prepared DOB-719 solution (1), as prepared

DOB-719 and SDBS solution at premicellar concentration (2), Mixture A is as prepared
DOB-719 and SWNT with SDBS at premicellar concentration (0.065 mg/mL) (3), and
Mixture B is as prepared DOB-719 and SWNT with SDBS at micellar concentration (0.4
mg/mL) (4). The concentration of DOB-719 is 0.001 mg/mL.

The energy diagram shown in figure 3.8a represents a two-component system, consisting
of the anionic surfactant and the SWNT in water, where the anionic surfactant forms
micelles around the nanotubes, having typical exciton energy levels of PL excitation at E2,
and emission at E11. In figure 3.8b , the three-component system is modelled, where DOB-
719 is attached to the SWNT surface via -1 stacking by hydrophobic part (11-conjugated
frame) facing the aqueous medium by hydrophilic part (SO~ and COO~). The non-covalent
attachment of the DOB-719 to SWNT and anionic surfactant (SDBS) results in the efficient
RET at approx. 50 nm redshifted dye excitation wavelength and strong redshift of the E1
levels (to E*11) in the NIR range. The excitation energy of DOB-719 in this range (Epye) is
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transferred to the SWNT levels (E*11) via the RET. This way, DOB-719 (donor) and SWNT
(acceptor) form nanostructure complexes via non-covalent interaction. Therefore, the

diagrams represent a model for the emergence of new PL peaks due to the formation of

non-covalent complexes of DOB-719 with the SWNT.
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Figure 3.8 Schematic representation of energy transfer in the studied complexes. (a)
Dispersions of the neat SWNT and (b) as prepared mixture of DOB-719 with the SWNT
in water. In (a) the micelle is formed around SWNT by anionic surfactants (SDBS) and
SWNT has characteristic exciton energy levels of PL excitation at E>» and emission at
E11. In (b) DOB-719 attaches to the SWNT surface via -1 stacking by hydrophobic part
(r-conjugated frame) facing the aqueous medium by hydrophilic part (SOs— and COO-).
A non-covalent DOB-719 — SWNT complex emerges with enhanced PL emission from
SWNT levels. A visible range excitation of the dye molecules attached to the tubes
transfers to SWNT PL levels (E11) emitting in NIR range.

Figure 3.9 shows PL increment at Aex = 735 nm for (7,5) chirality when varying the SWNTSs’
concentration and maintaining the dye concentration at 0.001 mg/mL in the mixture of dye
with SWNT. This finding supports that the complexes of such dyes have high potential to
be used as efficient PL probe for detection of carbon nanotubes, considering that there is
an explicit sensing dependence of the RET response on SWNT concentration.
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Figure 3.9 SWNT concentration dependence for normalized intensity of the PL at

Aex = 735 nm and Aem = 1057 nm corresponding to (7,5) chirality emission. 100% of the
relative concentration of SWNT corresponds to the initial dispersion of the SWNT (0.0006
mg/mL), where the dilutions were used to prepare the mixtures of DOB-719 with lower
concentrations of SWNT. The concentration of DOB-719 is 0.001 mg/mL in all the
samples.

The SWNTs’ concentration was estimated using the Beer-Lambert law discussed in chapter
2 Equation 2.5. The absorption coefficient for CoMoCAT SWNTs at 652 nm was previously
reported to be 11.25 mL/mg.cm [185] Therefore, | estimated the concentration of SWNT in
the studied dispersion from the absorption spectrum of SWNTs in figure 3.4 curve 1 as
0.006 mg/mL.

3.3.2 Effect of DOB-719 ageing and visible range PL emission analysis

As discussed in the previous section, the admixture of the dye at the concentration of 0.001
mg/mL to the SWNT dispersed with SDBS has resulted in several new spectroscopic
features comparing to the data of the neat SWNT and the neat dye. According to Shandura
et al., DOB-719 hydrolysis in water, and the ageing of the dye solution result in decreases
in the monomeric and dimeric bands and development of a new band at the lower spectral
range [177]. Therefore, the effect of dye ageing was studied at the concentration of 0.001
mg/mL using as prepared and aged (measured 24 hours after the mixing) solutions of neat
DOB-719 and mixtures of DOB-719 with the SWNT in water.

The absorption spectra of neat DOB-719 in water is shown in figure 3.10. The absorption
intensity of the dye decreases in the range of first electronic transition (600-720 nm) and
increases in the range below 600 nm. Particularly, new bands start to develop in the ranges
of 335-460 nm and 500-600 nm. The decrease of the intensity for the dye monomer and

growth of new bands can be related to the degradation of dioxaborine dye, particularly
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hydrolysis of the dioxaborine cycle, where the basic mechanism of the hydrolysis is the

removal of BF, group [174].
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Figure 3.10  Absorption spectra for aqueous solutions of neat DOB-719 as prepared
(1), after 2 hours (2) and after 24 hours (refers to the aged samples) (3). The
concentration of DOB-719 is 0.001 mg/mL.

700 800

To understand the ageing changes in the mixtures, the PLE maps at the visible range
(emission range of the dye) were studied for the as prepared and aged mixtures. PLE maps
are recorded in the range of intrinsic dye emission for both the as prepared and the aged
samples of i) solutions of neat DOB-719 (figures 3.11a,b) and ii) the mixtures of DOB-719
with the SWNT (figures 3.11c,d). The PL peak with Aex = 685 nm and Aem = 720 nm (figure
3.11) is related to the monomeric peak in the absorption spectra at 687 nm (figure 3.3a and
figure 3.4b). The second band with weak PL in the range of Aex = 615-640 nm and
Aem = 700-725 nm (in figures 3.11a,c,d) could be related to both the dimeric PL of DOB-719
(Aabs = 600 nm) and/or second vibrational transition of the monomers (Aas = 629 nm), as
discussed for the Gaussian deconvolution of the spectra in figure 3.3b. In figure 3.11b, the
PL intensity of the monomeric peak (with Aex = 685 nm and Aem = 720 nm) for aged DOB-
719 solution is quenched (approx. twice) and a new band with strong PL (the PL intensity
is about four times higher than that of the as prepared sample) appears, having maximum
at Aex = 575 nm and 2em = 680 nm. In this spectral range, the as prepared dye has only a
weak and featureless shoulder (figure 3.11a). The above new band (Aex = 575 nm and
Xem = 680 nm) and low PL intensity band in the range of Aex = 400-450 nm and Aem = 660-
700 nm (figure 3.11b) match the new bands of absorption developed with time at A= 335-
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600 nm (figure 3.10, curves 2,3). The new features in the aged samples can be justified by

the product of the dioxaborine cycle hydrolysis [174].
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Figure 3.11  PLE maps of aqueous solutions for (a) the as prepared and (b) aged neat
DOB-719 as well as (c) the as prepared and (d) aged mixtures of DOB-719 with the
SWNT in water. High PL intensities are coded in red colour, whereas low intensities are
coded in blue colour. The concentration of DOB-719 is 0.001mg/mL.

The PLE maps in the dye emission range for the mixtures of DOB-719 with the SWNT show
that the PL intensity of the monomeric peak (at Aex = 685 nm and Aem = 720 nm) is quenched
about three times, due to the presence of DOB-719 with the SWNT for both the as prepared
(figures 3.11a,c) and the aged (figures 3.11b,d) mixtures. Moreover, the quenching effect
on the monomeric peak due to the ageing is practically the same (about twice) for the neat
dye solution (figures 3.11a, b) and for the mixtures with the SWNT (figures 3.11c,d).
Importantly, in the mixtures with the SWNT, the PL intensity of the band at Aex = 575 nm
and Xem = 680 nm (due to hydrolysis of dioxaborine cycle) practically does not change

because of the ageing of the mixture (figures 3.11c, d). As has been discussed before, in
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the neat dye the same band grew up about four times due to the ageing process (figures
3.11a, b). Thus, this result indicates that the molecules of DOB-719 associated with the
SWNT are more stable towards the hydrolysis, whereas the free dye molecules (monomers)
degrade severely.

Additionally, analysis of visible range PLE maps in figure 3.11 revealed that the mechanism
of PL quenching for DOB-719 emission in the mixtures with SWNT is similar to the
astraphloxin system [138], as the quenching of both dyes in the mixtures is approximately
the same (several times of magnitude). Particularly, comparing DOB-719 and astraphloxin
systems (SWNT-surfactant-dye) with SWNT-porphyrin system (SWNT- dye) without the
presence of the surfactant, the latter displayed much stronger quenching (ca. 1000 times)
[180]. Thus, in the complexes of the SWNT-SDBS-DOB-719, the molecules of surfactant
(SDBS) could remain between the dye and the nanotube. However, the direct contact of the
dye with the surface of SWNT is also possible. In fact, the distance between the DOB-719
and the SWNT has to be much smaller (or overlap of their m-conjugated systems is
stronger) than between the SWNT and astraphloxin system [138]. This is supported by the
strong redshift of the E11 (22-40 meV), compared to 6 meV reported by [138] ), evident
quenching of the intrinsic PL emission of the nanotubes, and no interaction between the
dye with SDBS in the complexes of SWNT-SDBS-DOB-719, compared to the SWNT-
SDBS-astraphloxin system [138, 184].

3.3.3 Effect of surfactant type on the RET

The next logical step is to consider various SWNT dispersions with common
surfactants and to compare their PL spectra in the range of Aex = 735 nm, where the RET
is at its maximum for SWNT-SDBS systems. In this section, SWNT dispersions were studied
with a range of surfactants such as anionic STDOC and SDOC, cationic CTABr and CPCL,
as well as neutral PVP. The choice of these surfactants is motivated by their efficiency in
SWNTSs’ dispersion [72].

3.3.3.1 Anionic surfactants:

The bile salts molecules, such as STDOC and SDOC, are more planar and rigid than linear
surfactants like SDS and SDBS. This is why they adsorb on the surface of nanotubes more
readily, compared to linear chain surfactants [186]. Moreover, stable and homogeneous
micelle structures were reported around the nanotubes, using STDOC and DOC [72].

Figure 3.12 shows a comparison of the absorption spectra of a neat solution of DOB-719
(curve 1), mixtures DOB-719 and dispersions of SWNTs with STDOC (curve 2), and SDOC
(curve 3). The presence of the dye in the mixture of SWNTSs dispersed with STDOC (curve
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2) or SDOC (curve 3) has practically similar absorption features, as discussed previously in
figure 3.4a (curves 3-5). Additionally, the two-component system made of STDOC or SDOC
and the dye (figure 3.12b, curves 4,5) displayed the same behaviours as the dye and SDBS

solution, as discussed previously in figure 3.7, curve 2.
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Figure 3.12 a) Absorption spectra for solution of as prepared DOB-719 (1), and

mixtures of as prepared DOB-719 with SWNTs dispersed with (2) STDOC (Mixture A),
(3) SDOC (Mixture B), and b) Solutions of as prepared DOB-719 with (4) STDOC Solution
(A), SDOC Solution (B). Concentrations of STDOC and SDOC in all mixtures are below
CMC i.e. STDOC=0.026 mg/mL and SDOC= 0.33 mg/mL. The concentration of DOB-719
is 0.001mg/mL.

The absorption spectrum for the mixture of DOB-719 and SWNT dispersed with STDOC
displayed complexation of the dye with the SWNT at absorption peak A= 740 nm and
absorption band at the range of dye monomer (figure 3.12a, curve 2). Whereas, the mixture
of the dye and SWNTs dispersed with SDOC (figure 3.12a. curve 3) has the signature of
the dye monomers at absorption wavelength 689 nm and exhibits a shoulder at the
absorption wavelengths, corresponding to complexation of the dye with the SWNT. The
absence of the dye monomeric peak for the mixtures of SWNTs dispersed with STDOC
indicates that all dye monomers are complexed with the nanotubes. Furthermore, the
presence of the dye monomeric peak for DOB-719-SDOC-SWNTs system indicates that
only part of the dye monomers are complexed with the nanotubes. Additionally, the
absorption spectrum for the mixture of DOB-719 and STDOC (curve 4) and SDOC (curve
5) at premicellar concentration resulted in superposition of two materials only with no
evidence of interaction between the surfactants and the dye in the absence of nanotubes.

Figure 3.13 presents PLE maps for SWNTs dispersed with STDOC (figure 3.13a) and
SDOC (figure 3.13b) in comparison with mixtures of DOB-719 and SWNTSs dispersed with
STDOC (figure 3.13c) and SDOC (figure 3.13d), respectively. Figures 3.13 c-d feature
similar PLE peaks, as discussed previously in figures 3.5 b-c (DOB-719-SDBS-SWNTs
complexes in the range of Aex = 650—770 nm), due to the RET from the dye to SWNT levels.
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Moreover, the mixture of the dye and SWNTs dispersed with SDOC exhibited a high
emission at the dye monomeric peak (Aex= 685 nm). This indicates that the mixture of DOB-
719 and SWNTs dispersed with SDOC contains a higher amount of free dye molecules
(monomers), compared to mixtures of DOB-719 and SWNTs dispersion with STDOC or
SDBS.
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Figure 3.13 PLE maps for mixtures of SWNTs dispersion with STDOC (a), SDOC

(b) and mixtures of DOB-719 and SWNTs dispersed with STDOC (c) and SDOC (d).
DOB-719 concentrations in mixtures (c-d) is 0.001 mg/mL.

For aqueous dispersions of SWNTs, the surfactant molecular structure plays an important
role. Bile salts (STDOC and SDOC in this study) are adsorbed easily on hydrophobic
nanotube surfaces [187, 188]. Their hydrophobic part covers a larger contact area with
SWNTs [189], compared to linear chain surfactant (SDBS) [190, 191]. Considering this
approach, the packing density of STDOC and SDOC on the nanotube surface is smaller,
compared to SDBS. In SDOC, the shorter chain connecting the polar group to the -

electronic system of surfactant could allow a lesser amount of dye molecules to complex
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with SWNTs covered by SDOC. Whereas, the elongated tauro-chain of STDOC provides
good interaction of the dye with SWNTs and efficient RET.

The histogram in figure 3.14 summarizes the PL enhancement resulting from the admixture
of DOB-719 to SWNT dispersed with the studied anionic surfactants. The data are obtained
by extracting the PL emission at Aex =735 nm (referring to the complexation of DOB-719
with the SWNT) at dye concentration 0.001 mg/mL in the mixture. For neat SWNTS’
dispersions, PL emission spectra were extracted from figure 3.5a, figure 3.13a and figure
3.13b to obtain PL emission spectra for SWNTs dispersed with SDBS, STDOC and SDOC,
respectively. Whereas, data for mixtures of DOB-719 and SWNTSs dispersed with SDBS,
STDOC and SDOC were extracted from (figure 3.5d), (figure 3.13c) and (figure 3.13d),
respectively. The PL enhancement factor was calculated by dividing the intensity of PL
peaks at Aex = 735 nm for neat SWNTSs’ dispersions and mixtures of DOB-719 with SWNTs
for each surfactant. The PL enhancement factor is practically the same for all the studied
anionic surfactants. The maximum was observed for (6,5) tubes, indicating a similar

enhancement effect for the studied anionic surfactants.

PL enhancment factor @ Agx 735 nm

SDBS STDOC SDOC
DOB-719-surfactant-SWNTs complex

Figure 3.14 Histogram of the PL enhancement for mixtures of DOB-719 and
SWNTs at Aex = 735 nm. SWNTs are dispersed with SDBS, STDOC and SDOC. The
DOB-719 concentration is 0.001 mg/mL.
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3.3.3.2 Neutral surfactants:

PVP has been reported as an efficient polymer to disperse [60, 192] or stabilize [15] the
nanotubes in aqueous media. PVP polymer features a hydrophobic alkyl backbone, and
hydrophilic pendant groups, which can wrap the SWNTs' surface, where the polymer
backbone is in contact with the nanotube and pyrrolidone groups are facing the water [15,
60] . However, PVP is far less efficient in dispersing the nanotubes in water, compared to
anionic surfactants [72]. Moreover, it wraps SWNTs in bundles with different sizes and
compositions and the PL yield from the nanotubes wrapped with PVP is 30 times lower,
compared to nanotubes dispersed with SDBS [193]. Therefore, a higher amount of PVP in
the initial SWNTs mixture (table 3.1) is used to obtain a reasonable PL signal.

Figure 3.15 shows the absorption spectra for the mixture of DOB-719 with the SWNT
dispersed with PVP, in comparison with its components. The absorption of SWNT
dispersion displayed an increased absorption background in the range of 400-800 nm
(figure 3.15, curve 2). The absorption peak for the dye and PVP in the absence of nanotubes
(figure 3.14, curve 3) is 11 nm redshifted, comparing to neat DOB-719 peak. Furthermore,
the presence of SWNTSs in the mixture (figure 3.15, curve 4) resulted in 38 nm redshift, due

to the complexation of the dye with the nanotubes.
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Figure 3.15 Absorption spectra in the visible range for the solution of neat DOB-

719 (1), SWNTs dispersed with PVP (2), solution A: solution of dye and PVP (3) and
mixture A: a mixture of DOB-719 and SWNTs dispersed with PVP. The concentration of
PVP in (2) and (3) is described in table 3.1 and 0.5 mg/mL in (4). The concentration of
DOB-719in (1), (2) and (4) is 0.001 mg/mL.
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Additionally, the PLE maps for dispersions of SWNTs with PVP (figure 3.16a) and the
mixture of the dye and SWNTs with PVP (figure 3.16b) were analyzed. The low PL intensity
of the nanotubes in NIR range (figure 3.16a) indicates a low concentration of individual s-
SWNTs and/or the presence of increased m-SWMTs in the wrapped nanotubes bundles.
Comparing figure 3.15, curve 2 with figure 3.16a, the increased absorption background for
SWNTs’ dispersion can be explained by the presence of impurities and/or nanotube
bundles, due to the wrapping nature of the polymer during the ultrasonication and
ultracentrifugation process (The purity of SWNT powder used in this study was described

in section 3.2).
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Figure 3.16  PLE maps for SWNTs dispersion with PVP (a) and mixture of DOB-719
and SWNTs dispersed with PVP (b). The concentration of PVP in (2) and (3) is described
in table 3.1 and 0.5 mg/mL in (b). Concentrations of DOB-719 in (b) is 0.001 mg/mL.

To have a better understanding on the nature of the interaction, the PL emission spectra
from figures 3.16a and b at Aex = 735 nm were extracted.

Figure 3.17 represents the PL spectra for the SWNT dispersed with PVP (figure 3.17, curve
1) and the mixture of the DOB-719 and SWNT with PVP (figure 3.17, curve 2). The mixture
of the DOB-719 and SWNT with PVP exhibited very weak RET from the dye to the SWNT
for (6,5) and (7,5) PL peaks. Furthermore, these PL peaks were redshifted, due to the
presence of the dye in the mixture.
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Figure 3.17 PL spectra at A\ex = 735 nm for mixture of neat SWNTs dispersed with

PVP (1) and mixture of DOB-719 and SWNT dispersed with PVP (2). The concentration
of DOB-719 is 0.001 mg/mL.

Previous studies reported that PVP can bind exceptionally well various substances, such
as drugs, toxins, and dyes, etc. [194]. Therefore, the redshift PL and the weak RET can be
regarded as part of the physical complex (with no -1 stacking) of the SWNT wrapped by
PVP polymer with dye molecules.

The absence of benzene rings in the structure of PVP wrapping polymer leads to a lack of
efficient T—1r stacking between the dye and SWNTs. Therefore, the PL yield of the
complexes (figure 3.17, curve 2) is in the range of a very low percentage, compared to
SWNTs (figure 3.17, curve 1).

3.3.3.3 Cationic surfactants:

Among the cationic surfactants, CTABr and CPCL are reported to yield high tube
concentrations [72]. Due to the presence of the pyridinium ring in the CPCL structure, the
dispersion containing CPCL has lower nanotube solubilisation, compared to SWNTs’
dispersion with CTABr [72].

Figures 3.18a-b present the absorption spectra for the mixture of DOB-719 with the SWNT,
in comparison with its components. The two components system containing CTABr or
CPCL surfactant and DOB-719 (figures 3.18a and b, curves 3) resulted in merging of the
monomeric, dimeric and the second vibrational peaks (discussed previously in figure 3.3)
of the dye spectrum and overall broadening the dye absorption bands, compared to neat
dye solution (figures 3.18a and b, curves 1). This spectral change takes place probably due

to the strong interaction between the cationic surfactant and anionic parts of the dye
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(interaction between the cationic surfactant and anionic parts of the DOB-719 (SOs~ and
COO™ groups)) and formation of the dye—surfactant complexes [195].

However, the presence of SWNTSs in the mixture of DOB-719 and CPCL resulted in 15 nm
redshift for the maximum for DOB-719 (figure 3.18b, curve 2), compared to the neat dye
(figure 3.18b, curve 1) and dye-CPCL peaks (figure 3.18b, curve 3). Moreover, the
absorption spectra for the neat dye (figure 3.18a, curve 1) and dye-CTABr solutions (figure
3.18a, curve 3) practically do not change due to the presence of the SWNTs (figure 3.18a,
curve 2 with a red redshift of 4 nm).

The observed 15 nm redshift could be related to the -1 stacking of the dye to the
nanotubes surface, supported by the presence of the pyridinium ring at the head of the

CPCL surfactant (figure 3.2).
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Figure 3.18 Absorption spectra for DOB-719 aqueous solution (curvet in a & b),

a). Mixture A: mixture of DOB-719 and SWNTs dispersed with CTABr (2), Solution A:
solution of DOB-719 and CTABr (3), and neat CTABr (4). B) Mixture B: mixture of DOB-
719 and SWNTs dispersed with CPCL (2), Solution B: solution of DOB-719 and CPCL
(3), and neat CPCL. The concentration of DOB-719 is 0.001 mg/mL.

Dispersions of neat SWNT with CTABr and CPCL cationic surfactants were stable for a few
weeks, having practically unchanged PL emission intensity (figure 3.17 a,c). However, the
admixture of DOB-719 to the SWNT dispersed by cationic surfactants dramatically speeds
up the aggregation of SWNTs from weeks to a couple of hours with a strong effect on the
PL emission (figure 3.17). The aggregation most probably takes place due to the
compensation of positive charge of the SWNTs-surfactant complex by the negative charge
of dye molecules with SO3— and COO- groups.

The PL emission spectra in figure 3.19e were extracted at Aex = 735 nm from PLE maps of
SWNTs dispersed with CTABr (figure 3.19 a) and mixture of DOB-719 and SWNTs
dispersed with CTABTr (figure 3.19 b). Similarly, the PL spectra in figure 3.19 f were extracted
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at Aex = 735 nm from PLE maps of SWNTSs dispersed with CPCL (figure 3.19 c) and the
mixture of DOB-719 and SWNTs dispersed with CPCL (figure 3.19 d). The presence of the
DOB-719 in the mixtures of SWNTs dispersed with CTABr resulted in weak RET from the
dye to the SWNT. Whereas, no RET was observed when admixing the dye to SWNTs
dispersed with CPCL, due to strong aggregation of the nanotubes. For the mixture of DOB-
719 and SWNTSs dispersed with CTABr, aggregation of the nanotubes was observed within
a few days. However, the presence of the dye in SWNTs dispersed with the CPCL mixture

resulted in the aggregation of the nanotubes within a couple of hours.
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Figure 3.19  PLE maps for a) SWNTs dispersed with CTABr, b) mixture of DOB-719
and SWNT dispersed with CTABr, c) SWNTs dispersed with CPCL and d) mixture of
DOB-719 and SWNT dispersed with CPCL. PL spectra at Aex = 735 nm for e) mixture of
SWNTs dispersed with CTABr (1) and mixture of DOB-719 and SWNTs dispersed with
CTABr (2). F) mixture of SWNTs dispersed with CPCL (1) and mixture of DOB-719 and
SWNT dispersed with CPCL (2). The concentration of DOB-719 is 0.001 mg/mL.
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To sum up, comparing the results for all studied surfactants, it can be inferred that
Coulombic attraction/repulsion is not affecting much on the RET from DOB-719 to SWNT.
It means that -1 stacking of the hydrophobic part of the dye plays the key role in the RET

process.

3.4 Chapter conclusion

Indopentamethinedioxaborine dye (DOB-719), having an extended Tr-conjugated system
and absorption in NIR range, resulted in very promising optical properties, due to the
formation of non-covalent complexes made of dye-anionic surfactant-SWNTs. The
complexes have strongly enhanced the PL intensity from SWNT levels in the NIR range
due to RET from the dye and resulted in the new PL bands at excitation wavelength iex =
650-780 nm, where the intensity of PL emission of the SWNT is very low. The most efficient
RET happens at Aex = 735 nm. First, the effect of the dye concentration on the energy
transfer to the tubes was investigated. The study shows that a mixture of DOB-719 at 0.001
mg/mL with the SWNT dispersed with anionic surfactants in water, allows the formation of
a nano-structured complex with strong dielectric screening, and yields the maximum RET
from dye to all SWNTs chiralities. However, for lower and higher concentrations of dye, the
RET decreased, and was observed only for small diameter nanotubes, such as (6,5) and
(7,5) chiralities. Thus, the RET is tubes’ chirality and the dye concentration is dependent
and can be exploited to selectively sense the SWNT. This finding supports that the
complexes of such dyes have high potential to be used as an effective PL probe for
detection of carbon nanotubes.

Second, the effect of dye ageing was studied. The spectral properties of neat DOB-719 in
water changes within 24 hours, due to hydrolysis of dioxaborine cycle. Whereas, for the
mixture of DOB-719 and SWNT, the dye monomeric molecules were complexed with the
SWNT micelles and became more stable towards the hydrolysis. The study was then
continued by considering various SWNT dispersions, using common surfactants and to
compare their PL spectra in the range of Aex = 735 nm, where the RET is at its maximum
for SWNT-SDBS systems. SWNT micelles dispersed with some neutral or cationic
surfactants resulted in very weak RET from the dye to the nanotubes at Aex = 735 nm. It
means that molecular structure of the surfactants and pi-stacking of hydrophobic part (-
conjugated frame) of the dye to the nanotubes play the most important part in the RET
process. Thus, the interaction between DOB-719 and the SWNT opens a new horizon to
design efficient and tailorable optical probes for not only sensitivity but also selectivity of the

PL detection towards the nanotube diameters.
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Chapter 4: Saturable absorber composite
for ultrafast photonics

4.1 Introduction

In this chapter, carbon nanotube SAs have been characterized in terms of their nonlinear
optical properties and application in the ultrafast fibre laser. The composites are developed
from the water-based dispersion of SWNTs. Fabrication of composites allows them to be
integrated into a fibre laser setup and is one of the most generally reported methods for
creating SAs from 1d and 2d materials [25, 146, 147, 196-200].

The chapter starts with the introduction of theoretical aspects of nonlinear optical saturable
absorption and the relevant influence in the pulsed laser systems. This is followed by
systematic characterization of carbon nanotube polyvinyl alcohol (PVA) polymer composite

as SA has been carried out.

4.2 Saturable absorbers for mode-locked fibre lasers

Ultrashort pulse lasers having sub-picosecond (ps) pulse duration are of particular interest
for various fields, including optical communication, spectroscopy, materials processing,
laser surgery and many other applications. Particular attention has been paid to fibre lasers
to generate ultrashort pulses, due to their major practical advantages, e.g. higher beam
quality, compactness, alignment free and low cost [142, 143]. One of the most widely
applied methods to produce a pulsed output from a laser is to employ fast optical switches,
such as SAs [26]. SAs are optical elements, which convert the laser continuous wave output
into a train of ultrashort optical pulses [26, 201]. They can thus dynamically modulate the
gain characteristics of a laser cavity to produce a pulsed output via techniques, such as
mode-locking and Q-switching [201]. The first SAs were reported more than five decades
ago by H. W. Mocker et al. using organic dyes [202]. However, their slow recovery times
and poor stability hindered their progress and therefore they were substituted with SESAMs
[203]. These devices consist of semiconductor MQW deposited by a molecular beam
epitaxy. [26, 204]. However, SESAMs require a complex and costly fabrication process and
also need extra free space optics to couple light into the optical fibre.[26]. Several reports
indicate that carbon nanotubes [25, 147], and other 2 D materials, such as graphene [205,
206] transition metal dichalcogenides [200] and black phosphorous [199] are promising for

future SA technology.
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4 2.1 Characteristics of the SA

Generally, a SA device is characterized using four main parameters. They are the recovery
time, the modulation depth, the non-saturable absorption and the saturation
intensity/fluence. The recovery time is the decay time of photon-generated carriers after the
absorber being excited by a high optical intensity [26, 154, 207, 208].

For ultrashort pulse generation, the recovery time should be much less than the pulse
duration (a few picoseconds or less is required). This is dependent on the carrier dynamics
of the SA material, and usually defined using a pump-probe measurement [209, 210], where
a “probing” laser pulse is applied to record the absorbance at set time intervals after a higher
intensity “pumping” pulse. The recovery time influences both the maximum output frequency
and the minimum pulse duration [26, 154, 207, 208]. If the round-trip time for the pulse
within the cavity is less than the recovery time, instability can arise as the SA will not have
returned to its unsaturated state before the subsequent pulse arrives [26, 208]. Meanwhile,
the pulse profile is shaped by the response time of the SA, due to the dynamics of gain and
loss modulation in the cavity [26, 208, 211].

The modulation depth (ao) is usually defined as the maximum possible change of saturable
absorption (Aa) over the linear absorption of the absorber (a;»). Additionally, the larger ap
can allow a shorter pulse duration but can also result in pulse train instability [26, 203, 212].
Non-saturable absorption (axs) is the part of the absorber loss that is present even if the SA
device is fully saturated (typically unwanted), which cannot be saturated at the relatively
high intensity. Therefore, the as should be maintained at the minimum because a large dxs
will reduce the modulation depth of the SA device since the linear absorption ajn, is defined
by the total of Aa and ans. The saturation intensity (/s«) is defined to be the optical intensity
(power per unit area) it takes to reduce the absorption of the SA by half its saturable

absorption. It is related to the saturation fluence (Fi.) by the recovery time of the absorber.

Fga[ = Isat X Tp Equation (41)

Furthermore, the insertion loss is defined as the total loss for the SA device at low intensities
(saturable to non-saturable ratio). It is also a useful figure of merit, commonly employed by
the community that reveals key features of these devices, and together with the saturation

power allows direct comparison with other devices in the literature.
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A nonlinear absorption experiment (also called power-dependent transmission experiment)
is a measurement where the absorption or transmission of a SA device is registered at
different input power levels. In most cases, the instantaneous saturable absorber model

expressed in equation 4.2 is implemented to estimate the SA parameters [213].

a(l) % _ L4 Equation (4.2)

In general, the saturable absorber parameters should be decided in the context of a
comprehensive laser design process, which takes into account the limitation of the SA
device to high intensities or pulse energies.

The next subsections (4.2.3 and 4.2.4) discuss how the gain modulating characteristics of

SAs can be employed to generate pulsed output from a continuous wave laser.

4.2.2 SWNTs saturable absorbers

The most successful demonstration of SWNT-based SAs reported so far is as mode-lockers
for ultrashort pulse lasers and noise suppression filters [25]. The use of SAs as mode-
lockers to generate ultrashort pulses require low loss at a higher intensity to support the
optical pulse formation from noise in the laser cavity [214].

Figure 4.1 presents the working principle of pulse formation [214]. In the laser cavity, the
total gain remains constant while the SA modulates the total loss. At low intensity, the gain
is always less than the loss. When the loss becomes smaller than the gain in a very short
time window, the net gain becomes positive, resulting in pulse formation with a duration

similar to that of the window.
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Figure 4.1 Schematic representation for mode-locked laser using saturable absorber.
Adapted from [214].

Before the discovery of SWNTs, SESAMs were the main devices used in most commercial

SA applications. However, they allow a narrow operating bandwidth and require an
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expensive fabrication and packing process. Moreover, their relaxation time is restricted to
picosecond range [26].

Another type is the fibre based SAs, such as nonlinear polarization (NPR), nonlinear loop
mirror (NOLM), and nonlinear amplifying loop mirror (NALM) [215, 216]. The ultrafast
recovery time for NPR and NOLM is in the order of 10 femtoseconds (fs) because they are
based on the instantaneous third order nonlinearity in silica glass. In general, fibre based
SAs are not ideal, due to higher saturation intensity than SESAMs, and are polarization
dependent.

These disadvantages have opened up the race to find other novel materials for SA
applications. The field of nanomaterial-based SAs gained the attention of the researchers
[25, 146, 147, 196, 200, 214]. Mainly, single-wall carbon nanotube (1D) and graphene (2D)
emerged as promising materials allowing several key advantages over existing mode-
locking devices, particularly an intrinsic sub-picosecond recovery time, broadband
operation, compatibility with fibre, cost efficiency and ease of preparation.

Considering fibre lasers, there is still room for the improvement of the SWNT-SA. This can
be achieved by better control of the tube diameter distribution, length and bundling during
the fabrication process and utilizing the interaction between the nanomaterials and the
evanescent field of the propagating wave during the integration process. Moreover, the
insertion losses for SWNT-SAs are typically less than 1 [217]. In contrast, SESAMs have
been reported with non-saturable losses as low as 0.1% and insertion losses more than 40
[218]. The high non-saturable loss of SWNT-SAs is the main issue for their application in
ultrafast solid-state lasers, but not in fibre lasers, which can tolerate high losses, due to the
high single-pass cavity gain of fibres.

Yamashita et al. have compared the saturation characteristic of SWNT thin film made by
the spray method with atypical SESAM reported by reference [214] at the wavelength of
1.55 ym. They reported that saturation intensities of SWNTSs is ~12.5 MW/cm? as compared
to ~10 MW/cm? for typical SESAMs, which is practically equal saturation intensity.
Additionally, they showed that the saturation intensity of pristine single layer graphene-
based SA device is much higher (~ 250 MW/cm?), compared to SWNTs and SESAM for the
same operation wavelength.

The choice of carbon nanotubes for SA application is usually defined by the available s-
SWNTSs with an energy band resonantly matching the operation wavelength of the specific
fibre laser, i.e. 1.0-1.1 ym (Ytterbium), 1.5-1.6 (Erbium-doped fibre laser), and 1.7-2.1 ym
(Thulium-doped fibre laser). For instance, HiPco SWNTSs features a broad absorption band
at ~1550 nm as shown in figure 4.2 which qualified them for the telecommunication C band
(1530-1565 nm) applications [219].
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Figure 4.2 Absorption spectra for DWNTs-PVA (1) , LA SWNTs-PVA (2) and HiPco-
PVA composite films The grey colour bar indicates the Thulium-doped fibre laser
emission window, i.e., 1.7-2.1 um and the red bar indicates Erbium-doped fibre laser
emission window, i.e. 1.5-1.6 um. PVA background subtracted

The absorption optical density of the nanotubes based SA device at a required wavelength
of operation is commonly used as an indicator of the device performance [25]. For example,
the HiPco film shown in figure 4.2 displays an optical density of 0.85 at 1550 nm. DWNTs
and LA films exhibit a maximum optical density of 0.2 at 1920 nm and 0.3 at 1925 nm,
respectively. Importantly, the minimum optical density at the device operation wavelength
need not be less than 0.2 for acceptable SA performance.[25].

Recently, we demonstrated that the modulation depth (a0,=64%) and saturation intensity
(Isat =15.62 MW/cm? ) for DWNTs [220] are much higher compared to LA SWNT (ao,= 40%
and Isar =2.25 MW/cm?) [221] operating around ~ 2 um. Moreover, we compared the time-
resolved spectroscopy of the LA SWNTs with DWNTSs [220] and the obtained results show
that the relaxation times for DWNT/PVA are twice as fast when compared to LA SWNT-SA.
This underlines the promise of DWNTSs as a fast SA in high-intensity laser optical cavities,

operating close to the 2um wavelength range.
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4.3 SWNTs-PVA composite fabrication and characterization

Various approaches have been suggested in the literature for the integration of SWNTs in
the fibre system. These approaches are presented in figure 4.3 and can be classified based
on the means of interaction between the nanotubes and the propagating wave into direct
and lateral interactions. For example, nanotubes can interact directly with the propagating
wave when sandwiched between two fibre connectors using polymer composites (figure
4.3a) or injected into fibre microchannels (figure 4.3b). Otherwise, nanotubes can interact
laterally with the evanescence field of the propagating wave when coated on the surfaces

of D-shaped figure 4.3c or tapered fibres figure 4.3d.

(b)

Fibre
connector

{d)

Figure 4.3 Summary of common integration approaches for SWNTs in fibre devices.
a, sandwiched device, b, photonic-crystal fibres, ¢, D-shaped and d, tapered fibres.
Adapted from [196].

The polymer composites method is widely used to fabricate a flexible and freestanding SA
device, which can be sandwiched between two fibre connectors. Several polymers have
been reported in the literature as a host matrix for the nanomaterials used in fibre lasers SA
applications, such as polyvinyl acetate (PVAc) [206], polyvinyl alcohol (PVA) [222],
polymethylmethacrylate (PMMA) [223], carboxymetylcellulose (CMC) [25], polyaniline
(PANI) [182] and polystyrene (PS) [224].....etc.

Thus far, PVA polymer has been commonly used as a hosting matrix for the nanotubes for SA
applications due to its low losses and solubility in water [25]. However, all the reports in the
literature have commonly agreed that SWNT-SAs’ thin film, sandwiched between two fibre
connectors suffer from thermal damage, such that the device is burned out with the optical
power of a few tens of mW, which can limit their use in high power lasers [25, 147, 214].

Practically, this type of integration allows single point interaction between the propagated
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pulse and SWNTSs’ film. Therefore, the resultant peak power will be concentrated on an area
equal to the fibre mode-field diameter (for single mode fibre (SMF-28) =10.4+0.8 um), which
can burn the SA composite at a high power regime and, therefore, alter its elemental
composition. Moreover, SA properties, such as saturable losses and non-saturable losses are
expected to change due to contentious high energy pulses radiation in the laser cavity. To date,
no systematic study has been reported on the thermal damage of the SWNT composite

sandwiched between two fibre connectors.

4.3.1 Experimental procedure

4.3.1.1 Materials

HiPco single-walled carbon nanotubes were purchased from Unidym (Lot # P0261). The
purity of SWNT powder is defined in the specification sheet by Unidym; the purified HiPco
powder contains at least 85% of SWNT with less than 15% of impurities, such as catalyst
particles, amorphous carbon, and multiwall nanotubes. HiPco SWNTs have a tube diameter
distribution from 0.8 to 1.3 nm. The choice of HiPco SWNTs is justified by their appreciable
optical density at Erbium-doped fibre lasers emission window 1500-1600 nm. This is due
to the presence of tube diameters ~1.2 nm, which corresponds to a peak wavelength of
about 1560 nm [225-227].

Dispersions of SWNT were prepared in the presence of using SDBS. In this study, polyvinyl
alcohol (PVA) purchased from Wako pure chemical industries, Ltd, Japan (Catalogue
number 160-08295) is used as a matrix for the fabrication of SWNTs -based SA. The
structure of PVA polymer can be defined as a linear chain, consisted of alternating
methylene (—CH>—) and hydroxymethylene (—CH(OH)-) units. Some of the hydroxyls are
acetylated due to the preparation method of the PVA (polymerization of the vinylacetate

followed by hydrolysis), Figure 4.4.
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Figure 4.4: Synthesis scheme and molecular structure of polyvinyl alcohol (PVA) used

in this study.
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4.3.1.2 Sample preparation:

SWNTs (2 mg) were placed in deionized water (DI) in the presence of (1 mg/mL) SDBS.
Next, the mixtures of SWNTs and surfactant were subjected to ultrasonication, using
NanoRuptor (Diagenode) processor for one hour at 21 kHz and 200 W. Then, the mixture
was ultracentrifuged using Beckman Coulter Optima Max-XP for one hour at 17 °C, using
(MLS 50 rotor) at 25000 RPM. The top 70% of the final dispersion was used as an initial
SWNTs dispersion to carry out this study.

A PVA solution was prepared by adding 2 grams of PVA powder to 20 mL of DI water and
left in the oven at 60 °C overnight. To prepare SWNTs-PVA composites, the initial SWNTs’
dispersion was mixed with 2 mL of PVA solution and placed in the Petri dish. A freestanding
film was then obtained by drying the SWNTs-PVA mixture in the desiccator for two weeks.
In addition, SDBS-PVA composites (in the absence of SWNTs) were prepared by mixing
1mg/mL of SDBS solution with 2 mL of PVA and placed in the Petri dish. A freestanding film
with 50um thickness was then obtained by drying the SDBS-PVA mixture in the desiccator

for two weeks.

4.4 Results and discussion

This section presents experimental studies on the characterization of the as prepared
SWNTs-PVA composite before and after high power laser radiation, using a high precision

optical microscope, micro Raman and scanning electron microscopy (SEM).

4.41 Characterization of SWNTs-PVA composite

Figure 4.5a shows the optical absorption of the nanotubes-polymer composite. Three main
absorption bands are presented in the spectrum, due to SWNT interband transitions. The
spectral features from 1600 to 1100 nm and from 900 to 700 nm correlate to the E41 and
E22 excitonic transitions of semiconductor SWNTs (s-SWNTSs), respectively [15, 107]. The
spectral feature below 550 nm matches the M1 transition of metallic tubes (M-SWNTSs)
[107]. The obtained optical spectrum displays strong optical density (0.85) at absorption
wavelength ~ 1560 nm, which matches the mode-locking operation of Erbium-doped fibre

lasers.

78



Q
~

(®)
~

30000 p

2.0 25000 -

1.5 20000

15000 4
1.0

10000 4
2D

RBM
0.54
50001
o
0

0.0 T T T T T T T T T T T T
400 600 800 1000 1200 1400 1600 1800 100 200 300 400 1500 2000 2500 3000

Wavelength, nm Raman shift (cm™)

Absorbance, arb. units
Intensity (arb. unit)

Figure 4.5: a) UV-visible-NIR absorbance spectra: SWNT-PVA composite. The
contribution from the PVA matrix has been subtracted. b) Raman spectrum of the SWNT-PVA
composite measured at excitation wavelength 785 nm.

Figure 4.5b shows the Raman spectrum of the SWNT-PVA composite measured using a
785 nm laser. The key features in the Raman spectra of SWNTs are the RBMs, 150-300
cm™) and the D (disorder ~1350 cm™') and G (graphite ~1590 cm™') modes. The RBMs
correspond to low-frequency vibrations of carbon atoms in the radial direction and are highly
sensitive to the diameter and chirality of SWNTs. The measured spectrum for SWNT-PVA
composite displays three strong peaks at 230.7, 237.4 and 270.0 cm™'. The relationship
between the frequency of the wrem and the nanotube diameter was discussed previously in
equation 2.6, and thus the three peaks are related to s-SWNTs with diameters of 0.97, 0.95
and 0.84 nm, respectively. Lower intensity RBM at 211 cm™ corresponds to SWNT
diameters of 1.17 nm, which are essential for mode-lock initiation at 1560 nm. Furthermore,
Raman spectrum exhibited strong G peak and an insignificant increase in the D peak. This
indicates that SWNTs’ preparation does not alter the electronic properties of the source

materials.

4.4.1.1 Mode-locked fibre laser based on SWNT-PVA composite

Figure 4.6a presents the experimental setup of the ring cavity erbium-doped fibre laser. The
laser is pumped via a fibre Bragg grating stabilized laser diode operating at 976 nm with the
maximum pump power 600 mW, using a wavelength division multiplexer (WDM). The laser
cavity consists of 2 m of Erbium-doped silica fibre Liekki Er30/4-125 (EDF). The fibre-
pigtailed isolator was used to ensure unidirectional operation in the ring cavity. The
polarization controller (PC) provides adjustment of laser operation regimes by controlling
the state of polarization in the laser cavity. The output power was extracted from the ring
cavity, using a 3-dB (50:50) fused optical coupler. To create the SA, the SWNT-PVA
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composite is sandwiched between two fibre connectors, as shown in figure 4.6b, and placed
in the cavity between the PC and the WDM. The fibre has a core diameter of 9 ym and is
embedded in 125 ym cladding of pure silica. All the optical elements are pigtailed with
standard single mode SMF-28 fibre.

The mode-locking laser regime was obtained at a threshold pump power of 80mW. The
total length of the laser ring cavity is ~10.8 m, resulting in fundamental repetition rate (f;.,)=
18.5 MHz. The f,., is calculated from the length of the laser cavity, using f., = C/(nL), where
C is the speed of light in space measured in metre per second (m/s), n is the average

refractive index of the cavity (n = 1.5 for single mode-fibre), and L is the cavity length in
metres (m).
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Figure 4.6 a) Experimental setup for the Erbium-doped fibre laser. b) Integration of
SWNTs-PVA composite on fibre connector. C) Measured radio frequency (RF) spectrum
of the laser d) Pulse autocorrelation traces and optical spectrum (inset) for fibre laser
using SWNTs-PVA composite.

At the maximum pump power of 600 mW, the measured average output power reached
48.7 mW, which corresponds to the output pulse energy 2.63 nJ. This pulse energy is
obtained by dividing the measured average output power (48.7 mW) by the fundamental

frequency (18.5 MHz). The measured radio frequency (RF) spectrum in figure 4.6¢ presents
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a signal-to-noise ratio (SNR) of 77dB, which confirms the stable mode-locked operation
regime. Figure 4.6d shows the measured autocorrelation trace (AC) fitted to hyperbolic
secant squared pulse (sech?) profile, which allows estimating the pulse duration as 550 fs.
The corresponding AC measurements of the pulse duration (z,) for the SA device is
estimated from figure 4.6d. The 7, is commonly deduced from the obtained AC pulse
duration (za.), which is approximately the Full width at half maximum (FWHM) of the za.
divided by constant (1.543) [228]. Furthermore, the laser has been set to run for 24 hours
continuously under the standard laboratory conditions.

During the contentious 24 hours’ operation, the laser output power decreased almost
linearly from 49.3 mW to 45.6 mW, and no spectral change was recorded in the optical
spectrum. A stable self-starting mode-locking regime was obtained with the use of PC

tuning.

4.4.1.2 Nonlinear saturable absorption properties under high power laser
radiation

The SWNT-PVA composite was exposed to high power radiation for 24h, using the ring
cavity illustrated in figure 4.6a. Then, the nonlinear power-dependent measurement was
carried out, as shown in figure 4.7a. The output of the laser was connected to a variable
attenuator and then separated into two arms using a standard 50/50 fibre fused coupler.
One arm of the light source is used as a reference and the other arm containing the SA
sandwiched between two fibre connectors is connected to a power meter to record the

nonlinear optical measurement.
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Figure 4.7:  a) Laser setup to characterise power-dependent for SA device. b) Power-
dependent measurements of the as prepared SWNT-PVA composite (black) and after laser
operation (purple) at the maximum available pump power Ppump = 600 mW. The circles
are the experimental data, and the dashed curves represent an analytical fit of the data.

81



Figure 4.7b compares the nonlinear properties of the sample before and after high pump
power radiation. The measured ao, ass and Py, are presented in table 4.1. The change in ao,
ans and Py, indicates an alteration in the materials properties of the SWNT-PVA, due to 24
hours’ high power laser radiation. This conclusion is based on the observed significant
decreases in the ap and P, with increased ass (~1.6 times) for the SWNT-PVA after high

power laser radiation, compared to the as prepared one.

Table 4.1: Summary of the obtained nonlinear parameters of the SAs for SWNT-PVA

composite.
Sample Saturation Peak Non-saturable Modulation depth

power (Piu) losses (Qns) (ao)

(W) (%) (%)

Before h_|gh power 26 51 49
radiation

After hllgh. power 2 83 17
radiation

To understand the nature of the changes, an advanced digital microscope (VHX5000, from
Keyence) was used to characterize the surface morphology of the SWNT-PVA film before
and after high power laser irradiation. The microscope is equipped with the VH-Z600T lens
(500-5000x) magnification and the numerical aperture NA = 0.82. The average
maghnification used is 2000x, which provided better resolution. A resolution of 0.1 ym was
employed to record the depth profile at z-axis. Figure 4.8a presents a 3D optical image of
the top surface for the SWNT-PVA composite after a 40 hours’ laser operation, using the

maximum output power.
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Figure 4.8 a) Optical micrographs and b) cross-sectional profile of the laser exposed
areas of the SWNT-PVA composite after 40 hours of continuous laser radiation at the
maximum pump power of 600 mW (average output power = 50 mW). ; ¢) Cross-section
profile of SWNT-PVA composite film after 10 min laser (average output power = 15 mW).
Adapted from [229].
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Figure 4.8 reveals that the continuous laser radiation on the sample resulted in physical
depression at the film surface, corresponding to the area of laser exposure. Therefore, a
single crater in the SWNT-PVA film has been formed at the surface of the sample with a
maximum laser penetration depth of ~1.97 ym, as shown in figures 4.8b-c. The results
clearly show the damage takes place only within the first ~2um of the area of laser exposure.
Interestingly, the base of the crater (affected area) has a diameter of 9.5 ym, which
corresponds to the SMF-28 mode-field diameter at 1550 nm (10.4+0.8 ym). Furthermore,
when reducing the power to 15 mW for a very short time (10 minutes), the crater width at
the bottom practically remained unchanged. This observation implies that the crater
formation at the sample surface takes place at the very beginning of the laser operation.
The stability of crater depth with laser power and duration indicates that the main reason
for crater formation is the depression of the film thickness, perhaps due to the evaporation
of the residual water from the SWNT-PVA film.

Additionally, the physical structure for pure PVA and the PVA-SDBS films was studied under
the same laser conditions. The films in the absence of SWNTs displayed high stability
against laser radiation. Meanwhile, the presence of the tubes in the composite structure
resulted in significant physical changes.

Figure 4.9 presents Raman spectra for identical samples discussed in figures 4.8b-c. The
samples exposed to the laser for short periods of time (up to 10 minutes) displayed no
practical changes between the exposed area (bottom of the crater) and non-exposed areas
(top surface). There are no changes in the energy or the shape of the G band (which can
provide evidence of charge doping, strain effects, etc.). There are also no changes in the
intensity of the D band (relative to the G band). Therefore, pulsed laser irradiation does not

induce structural changes (damage, functionalization, etc.) to the nanotubes.
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Figure 4.9 Raman spectra, measured at exposed (bottom of the crater) and

unaffected areas (surface) of SWNT-PVA film after 10 min laser (average output power
= 15 mW), and 40 hours of continuous laser radiation at the maximum pump power of
600 mW (average output power = 50 mW). Inset is magnified G band.
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Analyzing the difference in the intensity of the G band in spectra obtained from the top
surface and the bottom of the crater (Alg) there is an interesting correlation with the laser
conditions. In all cases, the intensity of the G band is lower at the bottom of the crater than
on the top surface. For example, after 10 minutes of laser irradiation, the intensity of the G
band at the bottom of the crater is 81.6% of the intensity measured on the top unaffected
surface. With the increasing of laser exposure time and power, the intensity of the G band
decreases further: Moreover, under the most extreme laser condition (after 40 hours of
continuous irradiation, 50 mW average power) weak photoluminescence features at 1400
cm™ appeared (associated with the glass slide upon which the samples were mounted)
providing further evidence of decreasing the sample thickness. It is important to note that
this is broadband photoluminescence, inconsistent with that expected from glass and thus
suggests that this condition resulted in the largest changes in the structure and composition
of the film. Although the substantial impact of photoluminescence complicates analysis, the
retention of a low ratio of D and G bands intensities (Ip: Ic) and no changes in the positions
of other vibrational modes imply that the nanotubes are not affected by this extreme laser
condition. This observation agrees with reports concerning the very high thermal
conductivity of carbon nanotubes, comparable to diamond crystal and in-plane graphite
sheets [230, 231]. Moreover, it is not possible to directly assess changes in the Raman
spectra of the host polymer, due to the resonance effect, which enhances the bands
associated with SWNTs. However, the presence of broadband fluorescence covering a
wide range of energies would suggest that the intensive ultrashort pulsed radiation has
resulted in a change to the structure of the polymer. This can be attributed to the localized
decomposition of PVA polymer, following removal of water during the laser radiation
process, due to the dissipated heat from the tubes. According to Thomas et al., the PVA
irreversibly decomposes in air at temperatures higher than ~190 °C, forming miscellaneous
volatile products, such as acetic acid (CH3COH), formaldehyde (CH20O) as well as CO and
CO; gases [232]. Thermal transformations of the PVA may result in the formation of
unsaturated bonds and aromatic rings in polymer structure, demonstrating the broadband
fluorescence.

Figure 4.10 shows the SEM images for the SWNT-PVA film after laser irradiation. Figures
4.10a and 4.10b display the areas with (bottom of the crater) and without (top surface) the
laser irradiation, respectively. Apparently, the top surface of the sample is smooth and
compact and the bottom of the crater is uneven, which might contribute to scattering and
results in increased non-saturable losses. This observation matches the increased non-
saturable losses in table 4.1 where the non-saturable losses of the SA increased to 83%
after high power radiation compared to 50% before radiation. Moreover, there is no colour

difference between the bottom of the crater and the top surface, indicating no thermal
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damage has resulted, due to high laser power irradiation. This finding also converges with
the discussed observation related to the presence of broadband fluorescence in figure 4.9

curve 3.

Figure 4.10  Scanning electron microscopy (SEM) image for SWNT-SA: a); bottom of
the crater (b) the top surface of the sample (unexposed). All images are collected using
x25000 magnification

4.5 Chapter conclusion

In this chapter, | have reviewed the concept of generating ultrafast laser pulses using
passive optical switches termed SAs and discussed the limitations with the state of the art
technology. Additionally, | have then justified the motivation for using SWNTs for SA
devices. Following this, | presented the fabrication and characterization of SAs made of the
aqueous dispersion of SWNTs and PVA polymer. The SWNTs-PVA composite was then
characterized before and after high power laser radiation, using a high precision optical
microscope, micro Raman and SEM.

During the laser radiation, SWNTs conduct the major role to absorb the heat power and
dissipate it to the surrounding environment, causing the removal of residual water from
SWNT-PVA composite. This process results in physical depression at the film surface and
formation of a crater corresponding to the area of laser exposure, presumably due to
residual water desorption from the PVA composite. Good physical contact and, hence,
interfacial thermal resistance, between the tube and PVA allows relatively high efficiency in
thermal energy transfer. The obtained Raman measurements suggest no physical changes

to the nanotubes under extreme laser conditions. Only some extent of PVA polymer
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decomposition, accompanied by the appearance of broadband fluorescence and SA
nonlinear parameters change, were observed.

The SA modification does not affect the laser operational performance. The main issue in
this scenario is the observed laser output power degradation (from 49.3 mW to 45.6 mW).
In principle, such power losses can hinder the progress of SWNTs’ composite to satisfy the
high average power requirement for various industrial applications. Therefore, the next
chapters propose a method to integrate SWNTs into a fibre ferrule, using inkjet printing and

tapered fibres.
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Chapter 5: Inkjet printing of single-walled
carbon nanotubes based saturable
absorber

5.1 Introduction

In this chapter, the possibility of the formation of water-based SWNTs’ nano ink for SAs
application as an alternative to the composite approach is investigated. The motivation
behind this approach is to avoid using the polymer matrix to host the nanotubes, due to the
following:

1- Saturable absorption properties of the SWNTs’ based polymer composites can be
affected by the presence of the polymer (polymer surface reflection, absorption of
the polymer matrix).

2- Results on surface modification of SWNT-PVA composite samples upon high power
laser radiation have been discussed in Chapter 4, which demonstrated that this can
hinder the SWNTs from satisfying the requirement of high average power for various
industrial application requirements.

The inkjet printing of nanomaterials has been reported widely in the literature for various
applications, including in photonic and optoelectronic [233, 234], gas sensing [235, 236], thin
film transistor (TFT) [237-241] and field emission devices [242]. However, the integration of
nanomaterials into the current printing technology requires tailoring of the properties of the
ink to achieve effective printing conditions for specific device applications. Very recently,
inkjet printing was demonstrated as a new method that offers a promising route for low cost,
mass production of SAs [234]. It involves a limited number of fabrication steps and provides fully
controllable and uniform deposition of ink at high resolution [243].

Additionally, the preparation of functional nanomaterials in a liquid phase offers the flexibility
to choose the required materials, such as nanomaterials, dispersant and solvent and
dispersion parameters, such as sonication and centrifugation to produce dispersions with
the desired properties for the targeted application. For example, small diameter s-SWNTs
(large band gap) are ideal ballistic conductors for applications in FET. However, the
presence of m-SWNTs or even the large diameter of s-SWNTs (small band gap) can short
the device [93]. The final dispersion can be then formulated as a printable ink by controlling
its physical parameters, such as the density, viscosity and surface tension [244].
N-methyl-2-pyrrolidone (NMP) is known as one of the most effective organic solvents for
dispersing SWNTs [78, 79]. Pure NMP is capable of dispersing SWNTs with the highest

fraction (~70%) of individual nanotubes at an extremely low concentration (~0.004 mg/mL),
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with a growing average bundle size as the SWNT concentration increases [78]. Moreover,
individual tubes remain stable in NMP for at least three weeks [79].

However, NMP is not ideally suited for inkjet printing as well as for SWNTs’ ink formation.
Firstly, NMP has long drying times arising from the high boiling point (~200 ‘C) [243, 245,
246] Moreover, NMP has relatively high surface tensions (~40 mN/m), which are
comparable to those of common substrates, such as glass and silicon, and can lead to poor
wetting of substrates [247, 248]. Despite these difficulties, many groups have managed to
print carbon nanotubes, using NMP [249] and N,N-dimethylformamide (DMF) due to their
effectiveness in dispersing SWNTs. [235-238, 242, 250].

For ease of device processability, it would, therefore, be advantageous to develop SWNTs’
inks from low boiling-point solvents, such as water and alcohol. Water-based inks are
environmentally friendly, easy to store, and safer to handle. However, water-based inks are
not stable in the solvent alone, and are more challenging, due to the hydrophobic nature of
the carbon nanotubes. This issue can be overcome using a dispersant, such as high
dispersion efficiency polymers and surfactants, as discussed previously in chapters 2 and
3.

In this chapter, water-based SWNT nano ink was formulated in the presence of SDBS
surfactant to print a SA device onto the core of an optical fibre edge and explore its utilization

as a saturable absorber for a mode-locked Erbium-doped fibre laser (MLEDFL).
5.2 Experiment

5.2.1 Preparation of SWNT nano ink

SWNT powder (HiPco, lot no. PO279; Carbon Nanotechnologies Inc.) has been used to
prepare the nanotube dispersions. 0.4 mg/mL of HiPco SWNTs was mixed in deionized
water (DI) in the presence of 1 mg/mL of sodium dodecylbenzene sulfonate (SDBS)
surfactant. SDBS has been selected among other ionic surfactants due to its high efficiency
in dispersing SWNTSs [54, 57]. Additionally, SDBS has been used here as a wetting agent
to reduce the surface tension of water [251] and prevent clogging the inkjet nozzle. The
above mixture was ultrasonicated using a NanoRuptor (Diagenode) processor for 1 hour at
21 kHz and 200 W. Next, the resultant mixture was subjected to ultracentrifugation for 1
hour at 17°C at 30 KRPM using Beckman Coulter Optima Max-XP, MLS 50 rotor to separate
the aggregates and obtain a debundled supernatant-stabilised dispersion of SWNT. The

top 50 % of the dispersion was then decanted and used as the nano ink in this study.
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5.2.2 Inkjet printing of SWNT on fibre ferrule for mode-locked laser

For inkjet printing, the SWNT nano ink was loaded into the printer cartridge without dilution.
The inkjet printing of SWNTs was carried out using the Autodrop micro dispersing system

(Microdrop Technologies GmbH, Norderstedt, Germany), as depicted in figure 5.1a.
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Figure 5.1 a) Inkjet printing head. b) cross section of single mode fibres (SMF-28)
structure c) Photograph for the ink jetting sequence recorded by printer camera .

The system is supplied with a printing head MD-K-130 with 50 um diameter nozzle that can
move in three directions (X, Y and Z) with a working space of 200x200x80 mm and accuracy
of £5um. The inkjet nozzle is piezo-driven and, as such, drops are controlled by the voltage
pulse.

For the experimental work, the frequency of drops was set at 1 Hz to ensure the surface of
the fibre core is completely dried before depositing the next drop. To control the flow of
drops from the nozzle, the voltage level and pulse duration were set at 85V and 42um,
respectively.

The printing process was performed using single mode fibres (SMF-28). The cross section
of SMF-28 is shown in figure 5.1b consisting of a central doped core (diameter: 9 um), a
silica cladding (diameter: 125 um) and an outer polymer jacket (diameter: 245 um).
Typically, the core region is made of germanium doped silica SiO.:GeO. to increase the
refractive index, and the cladding is made of pure silica. This gives a higher refractive index
of the core, compared to the cladding region.

The ink-substrate interactions also play a significant role in determining the quality of inkjet
printing. One of the significant effects that must be avoided is the coffee ring effect, where
the SWNTSs are deposited at the edge of droplets, due to contact line pinning [243, 252].
When a droplet of ink is drying, the higher surface area to volume ratio at the edge of the
drop leads to quicker solvent evaporation than in the centre. This causes the solvent (water

in this case) to flow outwards from the centre of the drop, carrying dispersed SWNTs
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outwards. These can “pin” the edge of the droplet, preventing it from receding. While pinned,
the droplet covers a constant area of the substrate as the contact angle decreases to the
receding contact angle. Once this is reached, the system becomes unstable and the contact
area rapidly decreases, creating “rings” of deposited material rather than a uniform film.

In order to avoid the coffee ring effect, the printer head was placed around 1.5 mm above
the optical fibre to allow the dispensed ink from the printer head to dry in 10 um diameter
droplets, and thus maximize the concentration of SWNTs on the optical fibre core. Once the
SWNT dispersion is deposited on the fibre edge, it dries in less than one second. Therefore,
the frequency of drops was set at 1 Hz to in order to print a set of SWNT-SAs with different
numbers of layers (from 100 to 25,000 layers) on the flat fibore connector by carefully
focusing on the fibre core.

Figure 5.1c shows the droplet jetting for the SWNT ink produced by printer head from 300
to 1000us. Finally, a set of SWNT-SAs were printed with different layers (from 100 to 25,000

layers) by carefully focusing on the fibre core area.

5.3 Results and discussion

Absorption spectra for SWNT nano ink is presented in figure 5.2(a). Note that the recorded
range of absorption is limited with the high absorption of water at wavelengths more than
~1350 nm. Deionized water (DI) was used as a reference in the measurement of the
absorption spectrum to subtract the background of the water. The optical absorption
spectrum was measured using the same Lambda 1050 UV-NIR spectrometer (Perkin
Elmer) discussed in chapter 3. HiPco SWNTs have tube diameter distribution from~ 0.8 to
1.3 nm that give a strong optical absorption at the 1000-1600 nm band. Figure 5.2a confirms
a broad resonant absorption of the E+1 transition for the SWNT nano ink. Moreover, their
intense and narrow peaks indicate the presence of isolated tubes [253]. Practically, it is not
possible to measure the absorption of the printed tubes on the fibre. Therefore, the SWNT
nano ink was printed on a quartz substrate and its optical absorption was recorded, as
shown in figure 5.2b. Absorption peaks for inkjet-printed SWNTs on the quartz substrate
are quenched and broadened compared to SWNT nano ink. This can be explained by
SWNTs bundling and change in the dielectric constant [114, 119, 126]. Furthermore, the
obtained spectra in figure 5.2b displayed increased absorption intensity for 3,000 layers,
compared to 2,000 layers with no changes in any band positions for the absorption spectra
obtained on quartz substrate. This finding indicates controllable and uniform SWNTs’ layer

deposition, which can allow defined optical properties for the SA device.
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Figure 5.2 a) Optical absorbance spectra a) SWNT nano ink b) Inkjet-printed SWNT
nano ink on a quartz substrate (1) 2000 and (2) 3000 layers. The vertical line indicates
the telecommunications C band (1550 nm).

Additionally, the concentration of the SWNT nano ink was estimated using the Beer-
Lambert law discussed in chapter 2 (equation 2.5). The absorption coefficient for HiPco
SWNTs dispersed with SDBS at 600 nm was previously reported to be 215 mL.mg".m""
[56]. Therefore, the concentration of SWNT nano ink is estimated to be 0.05 mg/mL.
Raman spectra in figure 5.3 were obtained using the Horiba Jobin Yvon LabRAM HR
Raman spectrometer system. Spectra were acquired using a 532 nm (2.33 eV) laser using
0.3 mW power to avoid localized heating of the sample, a 100x objective lens and a 300
um confocal pinhole The spectral resolution in this configuration is better than 1.8 cm™.
Figure 5.3a presents Raman spectrum for germanium doped silica structure in the fibre core
consistent with that expected from reference [254]. For example, the maximum peak at
~444 cm™ band characterizes germanium doped silica glass. Moreover, the peaks D1 (490
cm™) and D, (602 cm™) are known as defect peaks of glass. These peaks are associated
with the symmetric breathing vibrations of oxygen atoms in four and three silica network
structure [255]. Additionally, the band positioned at 800 cm™ is assigned to antisymmetric
Si-O stretching mode [256]. Furthermore, the fibre core structure is stable to 100% laser
(unlike SWNT, only stable to 1% laser power).

If spectra of SWNTs (powder) and the fibre core are compared under identical conditions
of laser power (0.3 mW) and acquisition time (5s), then the signal from SWNT is much
higher than that from the fibre core (figure 5.3b). This can be justified by the effects of
resonance from SWNT, and therefore it is not possible to resolve the fibre core in spectra
collected from SWNT films printed onto the top of the fibre. The Raman spectrum for HiPco
nanotubes powder shown in figure 5.3b features typical RBM with maximum intensity at
274.32 cm™, D = 1329.5 cm™, G = 1591.1 cm™ and 2D = 2633.3 cm™' bands. According to
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the Kataura plot [107], Ae&x=532 nm matches the Miq transition of m-SWNTs. This is
supported by the resulting Breit-Wigner-Fano (BWF) line shape of the G band.
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Figure 5.3 Raman measurements for a) fibre core, b) SWNTs (powder) curve 1 and

the fibre core (curve 2) under identical conditions of laser power, ¢c) SWNTSs printed layers
2000 (black), 3000 (red) on quartz substrate and 20,000 on the fibre, d) figure ¢ zoomed
to D and G bands and normalized to the intensity of the G band.

Raman spectra in figure 5.3c displayed increased intensity for all bands with increased
number of deposited SWNTs layers. Apparently, the 20,000 layers on the fibre core
displayed higher intensity compared to 2000 and 3000 layers on quartz substrates.
Moreover, no significant changes in any band positions for the Raman spectra obtained on
quartz (relative to those on the fibre core). This observation is consistent with the obtained
spectra in the optical absorption discussed in figure 5.2b.

The figure 5.3 c (inset) shows four prominent peaks at the RBMs mode; one dominated
peak at 271.6 cm™ and the other three peaks having lower intensities at 291.4 cm™', 237.3

cm”and 230 cm™. The relationship between the frequency of the RBMs and the diameter
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of the nanotube (d,) can be obtained using equation 2.6 (discussed in chapter 2). Therefore,
the dominant peak at RBM matches with s-SWNTs with diameters of 0.89 nm. The lower
intensity RBM at 237.3 cm™ and 230 cm™ correlates with SWNT diameters of 1.03 nm and
1.06, which are essential for mode-lock initiation at ~1550 nm.

Raman spectra in figure 5.3c were normalized to the intensity of the G band, as shown in
figure 5.3d in order to understand the relation between SWNTs’ film thickness and the
intensity ratio of D and G bands (Ip:lc). Raman spectra presented in figure 5.3d show that
Ip decreases with increased film thickness, indicating a uniform distribution of SWNT
reflecting differences in homogeneity with the number of printed layers, i.e. 20,000 on fibre
core resulted in a more homogeneous distributionods nanotubes, compared to 3000 on
quartz. This finding provides further evidence for the uniformity of SWNT films produced by
the inkjet printing process, irrespective of the substrate. Moreover, the Ip:lc shown in figure
5.3d confirms that the dispersion and printing of SWNTs do not impact the structural, and
thus optical, electrical and mechanical, properties of SWNTSs, with no significant change in
the Ip:lc observed (0.04).

5.3.1 Nonlinear saturable absorption of the inkjet SWNT layers

The nonlinear power-dependent measurement is carried out using a similar setup as
discussed in chapter 4 (section 4.2.1) using a home-made Er-doped mode-locked laser
generating a 560-fs pulse at 18.5 MHz repetition rate with 7.16 mW average output power.
The instantaneous saturable absorber model expressed in equation 5.1 is implemented to

estimate the SA parameters[257].

a(P)= S ta, Equation (5.1)
1+ P

7
sat

where P is the incident optical power, P is the saturation power, apis the modulation depth

for the SAs, and ans denotes the non-saturable loss.
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Figure 5.4:  (a) Power-dependent transmission and (b) normalized absorption for the

printed SWNT layers on the fibre connector, including 5,000 (black), 8,000 (blue) and
20,000 (red) layers. The circles are the experimental data, and the dashed curves
represent the fitting of the data.

During the experiments, power-dependent parameters were studied for a range of samples
with a maximum of 25,000 layers. The samples demonstrate saturable absorption
behaviour when the number of layers exceeds 5,000. Figure 5.4 shows the power-
dependent transmission figure 5.4a and normalized absorption figure 5.4b for samples
comprising 5,000, 8,000 and 20,000 layers. With the increased number of printed layers,
the overall transmission decreases from 48% to 37%. The saturable growth of transmission
increases with the increased number of layers from 0.47% to 0.69% (figure 5.3a). Figure
5.4b demonstrates the rise in modulation depth (ao) and saturation peak power (Ps,) with
an increasing number of layers. For example, for the sample with 20,000 layers, the aois
2.1%, while the non-saturable losses (ans) and P, are 97.9% and 30 W, respectively. The
measured ao, ans and P, together with the values used for the best possible fitting, are

summarized in table 5.1.

Table 5.1: Summary of the obtained nonlinear parameters of the inkjet SWNTs SAs

SWNT Psa[ Uns do
o 0,
layers (W) (%) (%)
5,000 19.4 98.8 1.2
8,000 22.3 98.3 1.7
20,000 30 97.9 2.1

94




5.3.2 Mode-locked fibre laser based on inkjet SWNT layers

Figure 5.5 presents the experimental setup of the Erbium-doped ring fibre laser pumped
using laser diode operating at 980 nm wavelength with the maximum power of 600 mW,
through a WDM. The laser cavity is based on a 1.5 m-long section of erbium-doped fibre
(Liekki Er30/4-125 EDF). The fibre-pigtailed isolator (ISO) ensures unidirectional generation
in the ring. The PC provides adjustment of the laser operation regime. The laser has 50%
output through the fibre coupler. The ultrashort pulse generation is achieved by using inkjet-

printed SWNT-SAs on a ferrule of an optical connector.

laser
diode WDM

\_  980/1550 EDF

ink-jet &3
printed #
SWNTA?
PC
coupler

output

Figure 5.5 Experimental setup for the ring cavity Erbium-doped laser used in this
experiment for the Inkjet-printed SWNT SA.

A range of samples with a maximum of 25,000 layers printed on top of fibre core were used
to study the effect of SWNTSs’ layers on mode-locked pulse formation. Importantly, samples
were less than 5,000 layers, i.e. those not found to exhibit SA behaviour in power-
dependent measurements, were inefficient in ensuring the mode-locking regime. This can
be explained by the insufficient concentration of resonant tubes to absorb the optical power
at the device operation wavelength. Figure 5.6 shows the measured 3 dB optical spectra
for SWNT-SAs, using 5,000, 8,000 and 20,000 layers (figure 5.6a) and the corresponding
autocorrelation traces (figure 5.6b) with a well-fitted to a sech? temporal profile.

For SAs having 5,000 SWNTs layers, the measured optical spectrum becomes broader,
and the pulse width becomes longer when the pump power increases from 15 mW to 30
mW. However, this pulse trace (for 5,000 layers) is not stable and demonstrates the onset
of the MLEDFL regime.

Similarly, the measured optical spectrum and the pulse width for the SA device with 8,000
layers demonstrate practically similar performances to the SA device with 5,000 layers.
Moreover, the SA device with 8,000 layers exhibited as more stable in the MLEDFL

operation, compared with the SA device with 5,000 layers.
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Figure 5.6 Measured optical spectra (a) and pulse autocorrelation traces (b) for different
SWNT layers of the SA.

The most significant results are obtained when the number of printed layers of SWNTs’ SA
increases to 20,000. When the pump power increases from 100 mW to 600 mW, the
measured optical spectrum becomes broader, and the pulse width becomes shorter
concurrently. Importantly, the SA device was capable of operating at pump power of 600
mW and to achieve 86.2 m\W average power at 1560 nm central wavelength. This is higher
than all earlier reported results on SA for MLEDFL using sandwiched SWNTs [229].
Additionally, when the number of layers exceed 20,000, the ultrashort pulse generation
becomes unstable and tends to switch into other regimes, i.e. Q-switching or continuous
wave (CW). This can be justified with a high concentration of SWNTSs, which results in large
nanotube bundles formation, and hence an increase of scattering losses [258] .

The measured RF spectra with a resolution of 100 Hz for the different layers are shown in
figure 5.7(a-c). The spectra are centred at the fundamental pulse repetition frequency. The
small difference of the central repetition rate is due to the slightly different length of SMF-
28 fibres, which are pigtailed sandwiched between two optical connectors printed SWNT-
SA. It is seen that with the increase of the thickness of the SA (an increase of the number
of printed layers), the signal-to-noise (SNR) is improved from 32 to 60 dB. Figure 5.7d
illustrates a wide scan of RF spectrum for 20,000-layered SWNT-SA, using 300 Hz
resolution.

The spectrum shows a clean frequency comb without any unwanted modulation or

harmonics.
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Figure 5.7 Measured RF spectra of the lasers with different SWNT printed layer on

the fibre connector: 5,000 layers (a), 8,000 layers (b), 20,000 layers (c), exemplary RF
spectrum measured with 1.25 GHz span using 20,000 SWNT layers (d).

Table 5.2 summarizes the output parameters of the mode-locked laser operation, including
spectral bandwidth (AL), pulse duration (z,), repetition frequency (f.,), SNR, maximum pump
power (Pnax), the threshold pump power (P,), and, the average output power (P...). Here,
the parameters are given at the maximum pump power, which could ensure stable mode-
locking for single pulse regime. Remarkably, the 20,000-layered sample allowed the
achievement of 86.2 m\W average power and 4.7 nJ pulse energy directly from the oscillator

at the maximum available pump power, and was limited only by the pump source used.

Table 5.2: Summary of the obtained mode-locking parameters.

N A}\I, (nm) . (fS) ﬁep, SNR, Pmax Pp.th Pavg

layers | @ | @ @ |@ (MHz) | @B) | (mw) | (mw) | (mw)
Pmax Pp,th Pmax Pavg

5,000 | 2.2 4 730 | 540 18.04 | 32 30 15 2.9

8,000 |4.6 5 720 | 540 18.41 | 35 60 15 18.4

20,000 | 3.6 3.6 590 | 660 18.04 | 60 600 50 86.2

97




To check the stability of the presented laser, the laser has been set for free-running for
~24hours under the laboratory conditions at a pump power of ~ 300mW. The pulse average
power and energy reached 47.8 m\W and 2.67 nJ, respectively, with the peak power of 4.45
kW. Figure 5.8 presents the output spectrum evolution recorded with a 5-min interval.
During continuous operation, there is no noticeable change in both spectral and laser output
power. After several on-off cycles, the same printed sample initiates a stable self-starting

mode-locking regime with the help of a PC tuning.

Intensity, dB

=t
Time, hours

1500 1520 1540 1560 580

1
Wavelength, nm 1600

Figure 5.8 Output spectrum evolution during ~24-hour continuous operation.

5.4 Chapter conclusion

In this chapter, | presented a simple and efficient technique for the integration of
SWNTs into fibre ferrule. | developed SWNTs based nano-inks for simple and effective
integration with optical devices. Then, the SWNTs nano ink was directly printed on the
top of the fibre connector to produce SAs with defined optical properties.

| have printed a set of SWNT-SAs with different layers (from 100 to 25,000 layers) on
the edge of the fibre and deposited them onto fibre connectors, forming saturable
absorbers for the fibre laser. All samples were characterized in terms of nonlinear
optical properties and tested using Erbium-doped fibre laser. The experimental results
have shown that the best performance in terms of pulse duration is obtained with 5000
layers of SWNTs in the SA. Further increasing of the SWNTSs layers improve the laser
performance in terms of power, SNR and overall generation stability. In this regard, the
best performance has been obtained with the 20,000-layered sample. The sample

displayed improved SNR and allowed 86.2 mW average power to be achieved directly
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from the oscillator at the maximum available pump power and was limited only by the
pump source used. However, the present study revealed the measured optical
spectrum, and the pulse width for the SA device with 5,000 and 8,000 layers behaved
differently compared to the SA device with 20,000 layers. Changing the printed layers
of SWNTs for the SA mainly influences the input and output powers of the laser,
spectral bandwidth and the pulse duration. Moreover, the central wavelength remained
unchanged at a wavelength of 1560 nm.

Thus, the integration of SWNTs directly into a fibre ferrule using the inkjet printing
technique allows us to design controllable SA parameters according to its application.
These results show the feasibility of inkjet printing of nanostructured materials,
particularly for controllable and reliable-SA manufacture, introducing new frontiers for

various potential applications of ultrafast lasers.
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Chapter 6: Tapered fibres embedded in
carbon nanotube/polymer composites for
ultrafast photonics

6.1 Introduction

SWNTs coated on the surfaces of D-shape fibres are reported as efficient SAs devices
[259]. However, they have a strong polarization dependence, which is not desirable for
some laser systems. On the other hand, SWNTs coated on the surfaces of tapered fibres
are polarization insensitive, and the design of the SA can be enhanced by controlling the
taper's waist and length. This approach can control the interaction length and the
percentage of power and power density that leaks into the evanescent field.
SWNT-based tapered fibre devices have been demonstrated in the literature using optical
depositing [260] or spray-coating [261]. However, the SAs devices fabricated using these
approaches suffer from substantial scattering losses, limiting the evanescent field
interaction. Moreover, these tapered fibres are directly exposed to the environment, and
their performance degrades with time, making them unsuitable for real-time applications.
An alternative approach is to coat the tapered fibre with a low refractive index SWNT-
polymer composite [262, 263]. The main advantages of this approach over optical
deposition and spray-coating are the following:

1- The polymer composite shields the tapered fibre from the environment ensuring long-

term reliability,

2- Dispersion of the SWNTs can be controlled in the polymer matrix, minimizing bundling

and aggregation of the nanotubes. In turn, this can reduce device losses and allow for

the fabrication of controllable interaction between the nanotubes and the propagating

pulse.

3- Since the SWNTs are not in direct contact with the surface of the tapered fibre,

scattering losses can be considerably minimized.
Although tapered fibres coated with a low refractive index SWNTSs’ polymer composite offer
excellent flexibility to adjust the dimensions and nonlinearity of nanotube based fibre
devices, they still suffer from relatively high losses (typically exceeding 50%) and a relatively

limited saturable to non-saturable loss ratio (e.g. approximately 1:8 reported by B. Xu, M et

al. in referance [262]).
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In this chapter, | demonstrate the fabrication of SWNT SAs with low losses and high
saturable to non-saturable loss ratios. This is achieved by optimization of the following
fabrication parameters:
1- The mixing and concentration of SWNTs in the polymer matrix to minimize excessive
scattering losses.
2- The dimensions and fabrication of the tapered fibres.
3- The final deposition and thermal treatment of the SWNT-polymer mixture in the
tapered fibre.
Additionally, this study highlights a trade-off between non-saturable losses and saturation
power, providing guidelines for the design of SAs, according to the requirements of each

specific application.

6.2 Materials and methods

In this section, | describe the fabrication of SWNT-polymer embedded tapered fibres.
First, low refractive index SWNT-polymer composites are prepared following the approach
proposed by reference [262]. However, N-methyl-2-pyrrolidone (NMP) is used in this study
as a solvent instead of Di-methyl-formamide (DMF). The choice of NMP is justified with its
efficiency in dispersing SWNTSs at concentrations below 0.02 g. L™ [25, 74, 75, 78, 79].

6.2.1 Materials

Low refractive index polymer (n=1.42) poly 2,2,2-trifluoroethyl methacrylate (PTFEMA) is
purchased from Scientific Polymer Product, Inc (catalogue number 1014). Single-walled
carbon nanotubes, fabricated by the high pressure CO (HiPco) process, were purchased
from Unidym (Lot # P0261). The purity of SWNT powder is defined in the specification sheet
by Unidym; the purified HiPco powder contains at least 85% of SWNT with less than 15%
of impurities, such as catalyst particles, amorphous carbon, and multiwall nanotubes. HiPco
SWNTSs have tube diameter distribution from 0.8 to 1.3 nm. The choice of HiPco SWNTs is
justified by their appreciable optical density at Erbium-doped fibre lasers emission window.
This is due to the presence of tube diameters ~1.2 nm, which corresponds to a peak
wavelength of about 1560 nm [225-227].

6.2.2 Preparation of SWNT-polymer film:

The SWNTs’ dispersion was prepared by placing 0.1 mg/mL of HiPco SWNTs in NMP. The
mixture is then sonicated, using a commercial ultrasonic processor for one hour at 200W

and 20 kHz. After that, the sonicated mixture is immediately ultracentrifuged for two hours
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and 30 minutes under 17°C, using (MLS 50 rotor) for 45000 revolutions per minute (RPM)
to phase out impurities and residual bundles. After centrifugation, the top 60% of the
resultant mixture is used as initial SWNTSs’ dispersion.

Poly 2,2,2-trifluoroethyl methacrylate (PTFEMA) polymer is used in this study to prepare
SWNT composite, due to its low refractive index (n=1.42), compared to the cladding of silica
fibre (1.44). The initial SWNTSs’ dispersion was diluted to 1:1 using NMP. The mixture of
SWNT-NMP-PTFEMA was prepared by mixing 1mL from the diluted SWNTs’ dispersion
with 1gram of PTFEMA polymer. Additionally, 1 gram of PTFEMA was mixed with 1 mL of
neat NMP to produce the polymer composite only (without SWNTSs) as a reference sample.
Moreover, | understand that the use of PVP supports the isolation and stabilization of single-
walled nanotubes SWNTs in NMP [79]. However, the presence of PVP polymer in the
mixture of SWNT-NMP-PTFEMA resulted in the aggregation of nanotubes. Therefore, the
SWNTs-NMP dispersion was prepared without the addition of any polymer, i.e. PVP.

6.2.3 Fabrication of the SA device

In this section, | describe the fabrication of the tapered fibre coated with SWNT- PTFEMA
composite. During the fabrication, a part of the fibre (Lo=3 mm long) was stretched using
indirect CO- laser heating and pulling technique (figure 6.1a) so that the length of the taper
increases by (x) after each ‘pulling cycle’. By ensuring the fibre is stretched uniformly and
its total volume is conserved during tapering, the waist diameter length is approximately

3/4 compared to the previous cycle. The diameter of the tapered fibres can be calculated
from125x(3/4)". Therefore, the tapered fibres were fabricated with waist diameters of 5.3

pm (11 cycles), 3.0 um (13 cycles) and 2.2 ym (14 cycles), using standard single mode
silica fibre (SMF 28) with an initial diameter of 125 um [264]. The fibre is positioned along
the central axis inside a sapphire tube (microfurnace) with outer and inner diameters of 1.6
mm and 0.9 mm, respectively. The fibre ends are fixed at linear translation stages A and B.
Unfocused CW radiations of the carbon dioxide (CO>) laser beam is directed, using a plane
mirror to heat the sapphire tube to silica softening temperature. The optical fibre is stretched

gradually in cycles while moving through the sapphire tube between stages A and B.
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a) b)

Taper transition Taper waist Taper transition

25mm

Figure 6.1:  a) Photograph of the setup for fabrication of tapered fibres using a
sapphire tube heated with a CO; laser. b) Schematic representation for tapered single
mode fibre with 11 cycles.

Typical propagation losses for the freestanding tapered fibres is from 4% to 7%. Figure 6.1b
presents an example for tapered fibre using 11 cycles. The full length of the affected region
(taper waist and taper transition) of a ready taper can be estimated using the following

relation L,+2xn, where n is the number of cycles. Therefore, a ready taper is roughly

25mm (11 cycles) to 31mm (14 cycles) in length. Importantly, all the fabricated samples
have a waist length of approximately 3 mm.

After the tapering process, the fabricated samples are fixed to a glass substrate, and the
waist is carefully coated with the SWNT-NMP-PTFEMA mixture. Then, the coated samples
are left overnight in the oven at 60°C to evaporate the NMP. This thermal treatment ensures
homogenous and transparent SWNT-PTFEMA film on the surface of the tapered fibres.
An optical microscope is usually used to assess the quality of the SA device. It is a
commonly used technique to ensure the prepared samples are homogenous and
transparent. Furthermore, no large aggregates can be seen to avoid non-saturable
scattering losses [265]. Figure 6.2 presents optical microscopy pictures for the SWNT-
PTFEMA film deposited on the surface of the tapered fibres without (figure 6.2a) and with
(figure 6.2b) thermal treatment. The sample without thermal treatment displayed poor

optical properties, and, therefore, can lead to increased scattering losses [258].
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Figure 6.2:  Optical microscope images for SWNT-PTFEMA film on the surface of the
tapered fibres before (a) and after (b) thermal treatment. Adapted from [263].

6.2.4 Experimental setup

The optical absorption spectra were recorded using commercially available
Lambda1050 Perkin Elmer UV-NIR spectrometer with 1.5 nm increment. Micro Raman
spectroscopy was performed using a Horiba Jobin Yvon LabRAM HR Raman spectrometer.
Spectra were acquired using a 532 nm laser (at 0.3-3.0 mW power), a 100x objective lens
and a 300 ym confocal pinhole. To simultaneously scan a range of Raman shifts, a 600
lines mm™ rotatable diffraction grating along a path length of 800 mm was employed.
Spectra were acquired using a Synapse Charge Coupled Device (CCD detector, 1024
pixels), thermoelectrically cooled to —60 °C. Before spectra collection, the instrument was
calibrated using the zero-order line and a standard Si (100) reference band at 520.7 cm™.
For single point measurements, spectra were acquired over the range 100-4000 cm™" with
an acquisition time of 30 seconds and four accumulations to automatically remove the
spikes due to cosmic rays and improve the SNR. The spectral resolution in this configuration

is better than 1.8 cm™.

6.3 Results and discussion

In this section, | will discuss the preparation, characterization and the performance of
the proposed SWNTs' SAs, using an erbium-doped fibre laser. First, subsection 5.2.2
describes the preparation of SWNTs’ polymer composite. Next, materials’ characterization
using absorption, optical microscopy and Raman spectroscopy are presented in subsection
5.2.3. The nonlinear optical properties for the fabricated devices are discussed in
subsection 5.3.2. The performance of the fabricated SAs devices is then characterized in
subsection 5.3.3 as a SA device using erbium-doped fibre ring cavity laser. Finally, Section
5.4 concludes this chapter.
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6.3.1 Materials’ characterizations

Figure 6.3a represents absorption spectrum for SWNTs’ dispersion in NMP. The spectral
features from 1400 to 950 nm correspond to the E11 excitonic transitions of the s-SWNTSs’
chirialities, while the features below 950 to 750 nm correspond to the Ez excitonic
transitions [15, 107]. The spectral feature below 550 nm is related to the M1 transition of
m-SWNTs [107]. The peak in the spectral range 1000 - 1300 nm corresponds to s-SWNTs
with diameters ranging from 0.8 to 1.3 nm. Although the most intense bands are centred at
1300 nm, the spectrum also shows acceptable absorption at approximately 1550 nm, due
to the presence of SWNTs with diameters around 1.2 nm, which is responsible for the mode-
locking of the fibre laser. Additionally, the concentration of the initial SWNTSs'’ dispersion was
estimated using the Beer-Lambert law, as discussed in chapter 2 (equation 2.5). The
absorption coefficient for HiPco SWNTs in NMP at A= 660 nm (ass0) was previously reported
to be 4200 L g' m™ [79]. Therefore, the concentration of initial SWNTs' dispersion is
estimated to be 0.02 mg/mL. This means the diluted sample will make 0.01 mg/mL of
SWNTs in the dispersion. Practically, it is not possible to measure the absorption of the
deposited SWNTs’ polymer composite on fibre. Therefore, the mixture was deposited on a
quartz substrate and then left overnight in the oven at 60°C. The absorption of the SWNTs-
PTFEMA film shown in figure 6.3b is strongly dominated by the polymer, due to the two
orders of magnitude concentration of the polymer compared to the tubes in the composite.
Furthermore, the absorption spectra in figure 6.3b displayed higher absorption intensity in

curve 2 compared to curve 1, confirming higher SWNTSs’ concentration.
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Figure 6.3 Absorption spectrum for a) SWNTs/NMP dispersion, b) SWNTs -
PTFEMA thin film with 25% SWNTSs’ concentration (1) and 50% SWNTS’ concentration
(2). The bar in (b) indicates Erbium-doped fibre laser emission window i.e. 1.5—1.6 um.
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In addition, Micro Raman spectroscopy was performed to confirm the presence of the
nanotubes in the film. Raman spectra in figure 6.4 investigate the structure of the SWNTSs’
polymer film in comparison with its components. Figure 6.4a shows Raman spectra for
PTFEMA polymer in powder and film. There is practically no difference between the powder
and the film, with the exception that bands associated with NMP are present in the film,

indicating its integration in the composite structure.
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Figure 6.4 Raman spectra for a) PTFEMA powder (black) and film (red), b)
normalized Raman spectra for SWNTs powder (red) and SWNTs’ polymer film (black).
Raman spectra were collected using laser excitation wavelength 5632 nm.

Figure 6.4b displays Raman spectra for SWNTs’ powder and SWNTs’ polymer film. The
Raman spectrum for HiPco nanotubes powder features typical RBM with maximum intensity
at 273.6 cm™, D = 1329.5 cm™, G = 1591.1 cm™ and 2D = 2633.3 cm™'. According to the
Kataura plot [107], Lex=532 nm matches the M14 transition of m-SWNTs. This is supported
by the resulted BWF line shape of the G band. Moreover, features of HiPco at the RBM are
calculated using equation 2.6 (discussed in chapter 2), and found the average tube diameter
is ~0.88 nm.

The Raman spectrum for SWNT-polymer film represents a superposition of two structures
(both SWNT powder and PTFEMA films). There are three observable RBMs in the spectrum
of the SWNT-polymer film, with three dominant modes at 239.0, 271.5 and 291.4 cm"'’
corresponding to tubes with diameters of 1.02, 0.89 and 0.83 nm, respectively. Lower
intensity RBM at 217.3 cm™ corresponds to tubes diameters of 1.13 nm, which are essential
for mode-lock initiation at ~1560 nm.

Additionally, the blue shift in G band position(~5.6 cm™ ) in figure 6.4b suggests charge
transfer from the PTFEMA to the m-SWNTSs [266].
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6.3.2 Nonlinear properties of SWNTs-PTFEMA coated tapered fibre devices

In this section, a power-dependent setup shown in figure 6.5 was used to measure the
nonlinear properties for the SWNTs-PTFEMA SA devices, including the non-saturable
losses (ans), modulation depth (ao), and the saturation power (P,.). The laser used to carry
out power-dependent losses was a mode-locked fibre laser, emitting 600 fs pulses with a
25 MHz repetition rate. The input power to the devices was varied from 0.1 um to 1500 ym,
using a variable optical attenuator (VOA). The output of the VOA was divided into two arms,
using standard 50/50 coupler. One arm was used to measure the reference signal and the
other arm was connected to the tapered fibre. In addition, the saturable absorption
properties for SA device were measured in the absence of SWNTSs (as a reference sample),
using a tapered fibre with a waist diameter of 5.3um. The instantaneous saturable absorber

model expressed in equation 5.1 is implemented to estimate the SA parameters [257].

a(P)=—2—+a,
1+,
here, P is the incident optical power, Py is the saturation power, acis the modulation depth,

and ays is the non-saturable loss.

Femtosecond
Laser

Power meter A

Coupler 25N
50:50

Sample

— §
under test
Power meter B

Figure 6.5 Laser setup to characterize power-dependent for SA devices.

The use of power in the equation 5.1 instead of the intensity as discussed previously in
equation 4.2 is for more accurate representation of the device’s operation. The length of the
SA is significantly longer than the spatial width of a pulse, and during its propagation, the
pulse will propagate through a varying mode-field diameter, power level and level of

saturation.
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Figure 6.6a shows the power-dependent measurement for the tapered fibre with a waist
diameter of 5.3 ym coated with PTFEMA only. The obtained results show the absorption
losses remain unchanged with the increased input powers, evidencing that absorption has
been dominated by the PTFEMA polymer only. Moreover, the insertion losses for the
tapered fibre coated with PTFEMA polymer only is approximately 9% compared to 4% - 7%
insertion losses in tapered fibre suspended in air.
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Figure 6.6 a) Losses of PTFEMA-coated taper fibre with 5.3 um waist diameter
(PTFEMA only). (b)-(d) Power-dependent losses of SWNT-PTFEMA coated taper fibres
with 50% SWNT concentration and waist diameters of 5.3 um (b), 3.0 um (c) and 2.2 u

(d).

Figures 6.6b-c show the power-dependent absorption for three tapered fibres with waist
diameters of 2.2, 3 and 5.3um, respectively. The waist of these fibres is coated with SWNT-
PTFEMA composites. The obtained nonlinear properties for the SWNTs-PTFEMA SA
devices are summarized in table 6.1.
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Table 6.1: Summary of the obtained nonlinear parameters of the fabricated taper fibre.

Tapered Modulation depth Non-saturable losses Saturation power
diameter (ao0) (ans) (Psat)
(Um) (%) (%) (mW)

5.3 8 7 5

3.0 8.5 25.3 0.45

2.2 6 58 0.41

Power-dependent measurements of these devices displayed interesting saturable
absorption properties. First, the SA devices exhibit significantly lower insertion losses,
compared to similar nanomaterial coated devices in the literature, with values of 15% and
34% for tapers of waist diameters 5.3 ym and 3.0 pm respectively. Remarkably, the studied
devices displayed a saturable to non-saturable ratio of 0.35 and 0.1 for the tapers with waist
diameters, 3.0 ym and 2.2 ym respectively, compared to ratios in the literature, typically
lower than 0.1. Interestingly, the taper with 5.3 ym waist diameter and 15% linear losses
displayed an extremely high saturable to non-saturable ratio for this type of device at
approximately 1.2 (Table 6.1). On the other hand, the saturation power of the studied
devices has decreased significantly by more than one order of magnitude when the taper
waist diameter has decreased: from 5 mW (5.3 um) to 0.41 mW (2.2 um). This is expected,
since smaller waist diameters lead to lower saturation powers, due to the higher power

density at surface and ratio of power in the evanescent field in thinner tapers [267].

6.3.3 Mode-locked lasers using SWNT-PTFEMA coated tapered fibres

Figure 6.7 presents the experimental setup of the Erbium-doped ring fibre laser used
to study the performance of the tapered fibre devices coated with SWNT-PTFEMA. The
laser is pumped by a 975 nm laser diode through a 980/1550 WDM. The gain section of the
laser consists of 1.1 m of erbium-doped fibre (EDF) with 80 dB/m at 1530 nm nominal
absorption and group velocity dispersion of +59 ps?/km. A single fibre isolator (ISO) was
used to ensure the unidirectional regime was in the ring cavity. A PC provided adjustment
of laser operation. The laser output was taken from 30% of the 70:30 standard coupler,
while the remaining 70% was fed back into the cavity. The rest of the laser cavity includes
1.22 m of OFS980 fibre and approximately 5 m of standard single mode fibre SMF 28 that
includes the tapered fibre devices coated with SWNT-PTFEMA that is spliced into the cavity
between the PC and the ISO.
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Figure 6.7

WDM

G

Er-doped
fiber

CNT-5SA
tapered fiber

975nm

pPC

—

~
«
30%
oc Output

The experimental setup of the Ring cavity Erdoped fibre laser used to test
the performance of the SWNT-PTFEMA coated tapered fibre SAs as mode-locking
devices. WDM- Wavelength division multiplexer, EDF-Erbium-doped fibre, OC 70:30
Output coupler delivering 70% of the light back in the laser cavity and 30% as output, PC-
Polarization controller, ISO- Isolator.

During this study, CW lasing starts at a pump power of 13 mW for the tapered fibres with

waist diameters of 5.3 um and 3 ym and 15 mW for the tapered fibre with waist diameters

of 2.2 ym. The mode-locked laser operation self-starts at pump powers of 14 mW for the

5.3 ym and 3 um waist tapers and 16 m\W for the 2.2 um waist taper fibre. At these powers,

the laser operates in its fundamental CW mode-locked regime for all three SA devices (i.e.

emitting one single pulse per cavity round trip). The single-pulse laser operation remains

stable regardless of the orientation of the PC in the cavity. Figure 6.8 shows the optical

spectra (figure 6.8a) and its corresponding autocorrelation traces (figure 6.8b) of the fibre

laser mode-locked by these three samples. Central wavelength (\.), spectral bandwidth

(AL), and pulse duration (t,) are summarized in table 6.2.

Table 6.2: Summary of laser performance for the saturable devices

Tapered Central wavelength () | Spectral bandwidth (AX) Pulse duration (t,)
diameter (nm) (nm) (fs)

(um)

5.3 1569.8 2.27 1482

3.0 1566.6 5.61 430

2.2 1561.9 7.9 226

One can note that the central wavelengths are blue shifted and become wider accompanied

with shorting in the pulse duration when decreasing the waist of the fibre taper. This means

the thinner tapered waist enhances the interaction between the light passing in the fibre

core and the SWNTSs at the thinner tapered waist, compared to larger ones.
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Figure 6.8 Measured optical spectra (a) and pulse autocorrelation traces (b) for fibre
laser using SWNT-PTFEMA coated tapers with waist diameters of 5.3 um, 3.0 um and
2.2 um.

The spectral bandwidth (A)X) was extracted from the measured optical spectra for each SA
devices. The lowest A\ (2.27 nm) was recorded for the waist diameter (5.3 pm), whereas
tapered fibres with waist diameters 3 ym and 2.3 pm resulted in AA of 5.6 nm and 7.9 nm,
respectively. The corresponding autocorrelation measurements of the pulse duration (t,) for
each SA devices was obtained form figure 6.8b. The pulse duration is commonly deduced
from the obtained AC pulse duration (za.), which is approximately the FWHM of the AC
pulse duration divided by constant (1.543) [228]. The large waist diameter (5.3 ym) showed
longer pulse width (1482 fs), compared to 3.0 ym (430 fs) and 2.2 ym (226 fs).

Figure 6.9 shows the measured RF spectra with a 3Hz resolution for the studied SA devices.
The RF spectra show a more than 65 dB SNR for all the SA devices than confirmed stable

mode-locked laser regimes.
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Figure 6.9 Comparison of spectral bandwidth (a) and pulse duration (b) for the fibre
lasers operating at their threshold pump powers (14mW - 16mW) with three taper-based
SA devices with 5.3 um (blue), 3.0 um (black) and 2.2 um (red) waist diameters.

To sum up, figure 6.10 compares the performance of the studied SAs. The spectral
bandwidth and pulse duration were used to evaluate the performance of the device. Figures
6.10 a-b summarize the results presented in figure 6.8, confirming that thinner tapers

support the generation of shorter pulses.

a) b)
——22pm 10 ——22um

. 101 —3.0um —3.0um
Q — 5.3 um — ’
3 5 08 53 um
o 08 S
=3 3
£ S |
3 06- 5 06
3 x=}
N R
g 0.4 g 044
: :
Z 0.2 ; 0.2

0.0 ; : : ; - 004

1550 1555 1560 1565 1570 1575 1580 "3 5 4 0 1 2 3
Wavelength (nm) Delay Time (ps)

Figure 6.10 = Comparison of spectral bandwidth (a) and pulse duration (b) for the fibre
lasers operating at their threshold pump powers (14mW - 16mW) with three taper-based
SA devices with 5.3 um (blue), 3.0 um (black) and 2.2 um (red) waist diameters.
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The pulse shortening effect has been discussed for other SAs (such as SESAMSs) [208,
268]) and it is known to depend on the modulation depth and level of saturation of the
absorber. In the studied SA devices, pulse shortening results from the attenuation of the
temporal wings of the pulse by the absorber. The pulse shortening effect is not in itself
unexpected. It is, however, interesting to consider a fundamental difference in terms of the
dynamics of operation between SAs based on evanescent field interaction and direct
interaction. Thin film absorbers can be viewed as single point absorbers with an interaction
length significantly smaller than the spatial width of a pulse. Despite the high velocity of
light, ultrashort pulses can also be very short in the spatial domain. In our case, they will
likely be around 100s of microns. The active region of a taper should be a few mm, longer
than the pulse. But thin film absorbers are sub-micron in length. This is actually an

interesting and widely unexplored area of the taper-based SAs.

6.4 Chapter conclusion

In this chapter, fabrication of SWNTs-SA was demonstrated. The SAs were fabricated by
exploiting the evanescent field interaction of tapered fibres with a surrounding media
consisting of SWNTs hosted in a low refractive index polymer (PTFEMA). Low linear losses
were obtained by improving the method of mixing the SWNTs in the polymer matrix and

depositing the mixture in the tapered fibres.

A crucial benefit of reducing the losses is that it opens up the possibility of using significantly
thinner and longer taper fibres, allowing us to significantly reduce the saturation power of
the SA device. For example, in this chapter, | have shown a SA device with a waist diameter
of 3um and linear losses of only 25%. This SA presents a saturation power (0.45mW) 10

times lower than an identical device with a waist diameter of 5.3um (5mW).

The trade-off between non-saturable losses and saturation power must be taken into
consideration while fabricating tapered fibre based SA devices. Importantly, this study
provides a guideline for the design of taper fibre based SAs not only for carbon nanotubes,
but also for all other two-dimensional materials. Moreover, the method in this study allows
for the fabrication of devices with controlled lateral interactions; they also open the door for
studying the third order nonlinearity of SWNTs, where the nonlinearity of the device can be
enhanced by the extended length of interaction between the propagating wave and the

deposited tubes on the fibre core.
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Chapter 7: Conclusions

This thesis aims to develop photonic systems based on carbon nanotubes with enhanced
optical properties. The aim has been achieved through a systematic investigation in the

following areas:

o Photoluminescence (PL) enhancement of the carbon nanotubes, due to the
interaction with an organic dye;

o The stability and limitation of a widely used SWNT-PVA SA under high laser power;
o The fabrication of carbon nanotube based SAs, using inkjet printing techniques and

tapered fibres, coated with carbon nanotube/polymer composites.

The main achievements can be summarized as a systematic study and realization in three

main areas:

1. The development of new SWNTs' organic dye complexes with intense
photoluminescence, due to the resonant energy transfer from the dyes to the SWNTs.

2. Revealing the nature of the modification of a SWNT-PVA composite based SA under
the influence of high power laser radiation.

3. Design, development and characterization of advanced SA devices with controlled
properties by direct printing of SWNTs’ nano-inks on a standard fibre and through the
formation of an effective SWNT-low refractive index composite on the surface of a fibre

taper.

The main results in chapter 3 have been achieved by testing a range of newly synthesized

organic dyes, supplied by the Institute of Organic Chemistry (NASU, Ukraine).

Polymethine dyes with dioxaborine terminal groups own an intense photoluminescent (PL)
signal, efficient two-photon absorption, high hyperpolarizability [174], and features of
effective PL probes for amines and ammonia [175-177]. Optical properties for the mixtures
of a new dioxaborine dye - DOB-719 and single-wall carbon nanotubes (SWNTs) were
reported in [177], showing that there is a weak interaction of the SWNT with DOB-719.

Chapter 3 demonstrates a strong interaction of the dye and the SWNTs, revealing new
optical features in the spectral range of the intrinsic excitation of the dye due to resonance
energy transfer (RET) from DOB-719 to SWNTs [178]. Additionally, the interaction between

the dye and SWNTSs resulted in an emergence of new PL peaks at the excitation wavelength
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(Aex) = 735 nm and strong redshift of the intrinsic PL peaks of SWNT emission in the near

infra-red range.

The study was then continued by considering various SWNT dispersions with common
surfactants to compare their PL spectra in the range of Aex = 735 nm, where the RET has
its maximum. The mixtures of the dye with SWNTs dispersed with anionic surfactants
resulted in an even PL enhancement factor due to the RET. For all the mixtures, the
maximum PL enhancement has been obtained for (6,5) SWNTs’ chiralities, whereas
minimum PL enhancement was observed for the (8,4) chiralities. For all the mixtures with
SWNTs dispersed with the neutral and cationic surfactants, very weak RET were revealed.
Furthermore, an admixture of DOB-719 to SWNTs, dispersed by cationic surfactants

dramatically speeded up the bundling of SWNTs from weeks down to a couple of hours.

This kind of complex may be of interest for long-term applications such as light harvesting
and bio labelling. The former is related to photovoltaic applications; carbon nanotubes are
known to be good electron acceptors and allow the photo-generated electron-hole pairs to
be separated when associated with various organic materials and polymers [269-274]. In
this case, the use of non-covalent functionalization allows the electronic mobility of the
nanotubes to be preserved, and therefore enables the losses in the device to be reduced.
In the latter case, for example, the NIR emission of SWNTs could be beneficial since it
covers the biological tissue window [23]. Therefore, the preservation of the PL properties of
SWNTs is necessary. Whereas the molecules could be used to bind the complex with

specific targets allowing functional imaging of biological tissues.

Numerous demonstrations of the stable ultrashort pulse generation in lasers mode-locked
via nanotubes-polymer composite SAs have strongly stimulated the development of
advanced ultrafast fibre lasers. These lasers usually present an influential platform for
numerous scientific experiments to demonstrate the beauty of underlying nonlinear ultrafast
optics. Meanwhile, the industrial application of carbon nanotube SAs is dubitable, since by
commonly held opinion, they feature low thermal degradation thresholds and can be easily
destroyed by high energy laser irradiation. To the best of the author’s knowledge, no works
have yet been devoted to the analysis of the nature of SWNT degradation, due to the
thermal effects. Chapter 4 corrects the common understanding of the thermal degradation
and damage threshold of a conventional ferrule-type SAs, sandwiching a thin polymeric film
containing homogeneously dispersed SWNTs in a high power passively MLEDFL (EDFL).
The findings reveal the use of SWNT-PVA film (sandwiched between optical connectors),
as a SA device could endure the laser radiation exposure with the maximum optical power.
Such advanced laser performance demonstrates a remarkable accord between properly

designed laser cavity configurations and the hidden capability of a SWNT/polymer sample,
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i.e. its high thermal damage threshold. The obtained results present a clear signature of
crater formation and its geometrical stabilization after a particular time of high power laser
irradiation, changing in morphology in SWNT/polymer films, particularly at the film surface.
Though such modifications appeared at the early stages of the laser operation, the SWNT-
SA is capable of supporting ultrashort pulse generation for several days without further
deterioration of the regime. Therefore, full exploitation of the reliability and thermal tolerance
of carbon nanotubes may introduce a new frontier of ultrafast real-world industrial lasers
applications. The obtained results on thermal stability of SWNT-PVA composite based
saturable absorbers stimulated the design of advanced saturable absorber devices with two
different types of packaging of SWNTs on to optical fibres. In this work, these can be
classified into those that depend on direct interaction (where the nanotubes are sandwiched
between two fibre connectors), and those that rely on lateral interaction with the

evanescence field of the propagating light.

In the first approach, nano-inks using functionalized SWNTs with controllable bundle sizes,
having advanced optical properties, were formulated. Then, SWNTs were directly integrated
on the core of a fibre edge, using the inkjet printing technique. The optical properties of the
SA for different number of layers of SWNTs were investigated and compared. Mode-locked
lasing has been confirmed for samples of 5,000-20,000 layers, using a femtosecond
Erbium-doped fibre laser. Additionally, the study defines a direct correlation between the
number of printed layers and properties of SA, showing that the SA with 20,000 layers gives
the best parameters and allowed 86.2 mW average power and 4.7 nJ pulse energy to be
achieved directly from the laser, generating ~600 fs pulses at an 18 MHz repetition rate.
The obtained output power and pulse energy are higher than all earlier reported results on
SA for erbium-doped fibre laser using sandwiched SWNT- polymer saturable absorbers.
These results show the feasibility of inkjet printing of nanostructured materials, particularly
for controllable and reliable-SA manufacture, introducing new frontiers for various potential

applications of ultrafast lasers.

The second approach depends on the lateral interaction with the evanescence field of the
propagating light. Therefore, the SA devices were fabricated by exploiting the evanescent
field interaction of tapered fibres with a surrounding environment, which is made of SWNTs
hosted in poly 2,2,2-trifluoroethyl methacrylate (PTFEMA) low refractive index polymer
(n=1.42). The use of evanescence field interaction was motivated to alleviate induced
thermal damage and to enhance the overall device’s nonlinearity. Tapered fibres offer
excellent flexibility to adjust the nonlinearity of SA devices based on nanotubes, but suffer
from high losses (typically exceeding 50%) and poor saturable to non-saturable absorption

ratios (typically more than 1:5). The study reveals that the tapered fibre coated with
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SWNT/polymer provided long-term reliability for the SA devices, reducing device losses and
allowing for the fabrication of devices with controllable lengths and waist diameters. The
fabrication of low-loss SWNTs-SA devices with controllable saturation power, low losses
(as low 15%) and large saturable to non-saturable loss ratios approaching 1:1, was
demonstrated. This was achieved by optimizing the procedure of coating the tapered fibres
in a low refractive index polymer. Additionally, this study provides guidelines for the design

of SAs according to its application.

Summarizing, it is worth noting that despite almost a quarter of century of active research
on carbon nanotubes, they remain a very promising material for photonics. To date, a large
volume of information on optical properties has been gathered in connection with the
physico-chemical state of the SWNT in solutions or composites. However, this thesis shows
that it is possible to achieve essential amplification of optical properties or appearance of
new optical features by means of the molecular design of complexes with SWNTs.
Moreover, innovation in the packaging of SWNTs on optical platforms will lead to entirely
controllable optical properties, which are urgently needed by industrial applications. It is
foreseen that due to the rapid development of micro/nano fabrication, as well as printing
technologies, SWNT photonics will evolve towards advanced photonic integration, offering
new optical switching applications in telecoms, lasers and in various sensors and bio-

medical diagnostic tools.
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