
Chapter 9
Nanotube and Graphene Polymer Composites
for Photonics and Optoelectronics

T. Hasan, V. Scardaci, P.H. Tan, F. Bonaccorso, A.G. Rozhin, Z. Sun,
and A.C. Ferrari

Abstract Polymer composites are an attractive near-term means to exploit the
unique properties of single wall carbon nanotubes and graphene. This is particu-
larly true for composites aimed at photonic and optoelectronic applications, where
a number of devices have already been demonstrated. These include transparent
conductors, saturable absorbers, electroluminescent and photovoltaic devices. Here,
we present an overview of such composites, from solution processing of the raw
materials, their sorting, characterization, to their incorporation into polymers, device
fabrication and testing.

9.1 Introduction

Incorporation of carbon nanotubes (CNTs) into polymer matrices was first reported
in Ref. [5]. Since then, polymer composites of nanostructured carbon materials have
developed into a vast research area, mostly focusing on their mechanical applica-
tions [72, 82, 88, 237, 281, 382, 486]. A notable difference between CNT/graphene-
polymer composites for mechanical applications and optics/photonics is the method
by which CNTs/graphene flakes are incorporated into the host matrix. Strong inter-
action between these carbon nanomaterials and the host polymer is the key for
mechanical strength. This is typically attained by functionalization [20, 23, 75,
105–107, 172, 486] and/or in-situ polymerization [117, 237, 281, 327, 349, 449,
475]. These incorporation methods and the mechanical characterizations of the
resultant materials will not be covered here. An overview of current progress can
be found, e.g., in Refs. [81, 82, 156, 307].

The fabrication and characterization processes of CNT and graphene based com-
posites for photonics and optoelectronics differ from those aimed at mechanical
applications. For optical grade composites, fine dispersion, without covalent func-
tionalization, and control of CNT-bundle size are of key importance [96, 125,
220, 358–360, 363, 370, 371, 376, 380, 396, 478]. Different strategies have been
developed to produce/grow graphene and transfer it onto flexible substrates [18,
40]. Liquid phase exfoliation (LPE) of graphite [161, 166, 271] is an economic,
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up-scalable and promising approach for photonic and optoelectronic applications.
A significant effort is ongoing to achieve graphene mono-layer enriched dispersions
[160, 161, 166, 271, 284, 411]. For both CNTs and graphene, once the initial dis-
persion is produced, the fabrication, characterization and integration into devices of
the resulting composites follows a similar protocol. We will therefore focus mostly
on CNTs, adding additional information on graphene, where necessary.

This chapter is organized as follows. Section 9.3 reviews CNT-dispersion via
solution processing, which is essential to overcome the insolubility or near insolu-
bility of unfunctionalized CNTs into various solvents compatible with host polymer
matrices. The dispersion of Single Wall Carbon Nanotubes (SWNTs) in aqueous,
non-aqueous solvents and liquid crystals are separately discussed in Sections 9.3.1,
9.3.2 and 9.3.3, respectively. Dispersion of graphene in aqueous and non-aqueous
media follows a similar principle, though the choice of surfactants is limited due to
the two dimensional nature of graphene. This is discussed in Section 9.4. Recent
progress in density gradient based sorting of SWNTs, which can be used to fine-
tune the optoelectronic device performances is covered in Section 9.5. Section 9.6
discusses inkjet printing of SWNTs. Optical characterization of the SWNT disper-
sions, with particular focus on the estimation of loading and investigation of the
bundle size, is discussed in Sections 9.7.1. and 9.7.2. Section 9.8 covers the prepara-
tion of SWNT/graphene-polymer composites for optical applications (Section 9.8.1)
and the alignment of SWNTs (Section 9.8.1.1). The desirable characteristics of
host polymer matrices with a list of available commercial polymers are presented
in Section 9.8.2. The key optical characterizations for such composites, such as
Z-scan, photoluminescence, Raman and pump-probe spectroscopies, are summa-
rized in Section 9.9. Particular emphasis is given to Raman spectroscopy, which
is one of the most powerful, yet non-destructive characterization techniques avail-
able for carbon nanomaterials. Section 9.10 briefly discusses some optical/photonic
applications of SWNT-polymer composites. Section 9.11 reviews the application of
SWNT-polymer composites as mode-locker in ultra fast lasers. Finally, Section 9.12
discusses graphene based saturable absorbers for ultrafast pulse generation.

9.2 Nanotubes and Graphene for Photonics

SWNTs exhibit strong optical absorption, covering a broad spectral range from UV
to near IR [134, 151, 185, 193, 201, 207, 265, 319, 462]. To a first approximation,
their band gap varies inversely with the diameter. This can, in principle, be fine-
tuned by modifying the growth parameters [191, 200, 249]. Isolated semiconducting
SWNTs (s-SWNTs) and small SWNT bundles exhibit photoluminescence (PL) [17,
63, 175, 187, 255–258, 302–304, 319, 324, 342, 421, 433, 463]. PL is quenched
for increasing bundle size and the presence of metallic SWNTs (m-SWNTs) [64,
138, 158, 296, 316, 319, 421, 433]. The PL properties of SWNTs have been exten-
sively investigated over the past few years [17, 63, 175, 187, 255–258, 302–304,
319, 324, 330, 342, 353, 421, 433, 439, 463], and the excitonic nature of electronic
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transitions in SWNTs has been theoretically predicted [10, 66, 197, 335, 402, 492]
and experimentally proven [293, 456]. Sub-picosecond carrier relaxation time was
also observed in SWNTs [76, 152, 168–170, 178, 230, 246, 283, 329, 351, 427].
In addition, they show significant third-order optical nonlinearities, as theoretically
predicted [78, 184, 286, 287] and experimentally confirmed [44, 93, 195, 268, 278,
427] by several groups.

This fast nonlinear optical response is of great technological importance. SWNTs
can be used to fabricate ultrafast optoelectronic devices, such as ultrafast sources,
optical switches. These are crucial for various applications, for example, high bit
rate optical fiber transmission, signal regeneration, dispersion compensator, etc.
However, the heterogeneity, impurity and bundling of as-grown SWNTs make it
difficult to precisely control the device parameters. Also, it is still difficult to use
SWNTs directly grown on substrates [477] to fabricate efficient devices, due to
scattering losses [39]. In this context, a more effective solution for the fabrication
of SWNT based photonic and optoelectronic devices is to incorporate the processed
SWNTs into polymer matrices [96, 125, 220, 358–360, 363, 370, 371, 376, 380,
396, 478]. Wet chemistry processes developed over the past few years can now
be readily used. Indeed, it is now possible to untangle [15, 19, 100, 138, 158,
183, 245, 308, 319, 320, 405, 495] and sort SWNTs [12, 13, 41, 86]. A combi-
nation of wet chemistry with compatible non-aqueous solvents and polymers of
appropriate properties is therefore a viable route for the fabrication of optoelec-
tronic devices. Furthermore, this holds great promise for the mass production of
inexpensive photonic devices and their simplified integration into various lightwave
systems.

A single layer graphene absorbs 2.3% of incident light [311]. This remains con-
stant from the visible to the near infrared (NIR), due to the linear dispersion of Dirac
electrons in graphene [40, 160, 311, 411]. As we discuss later in Section 9.12, such
broad absorption band, coupled with ultrafast relaxation dynamics, make graphene
one of the most promising candidates for next generation photonic and optoelec-
tronic applications. A viable route for mass fabrication of such graphene based
devices also follows a wet chemistry based strategy, similar to SWNTs [160, 411].

9.3 Nanotube Dispersion in Liquid Media

As produced SWNTs usually form entangled networks of bundles or ropes [4, 77,
87, 192, 229, 261, 273, 364, 430, 431, 448] due to strong van der Waals inter-
actions [140, 171, 229, 270, 364, 430]. In such entangled networks, SWNTs do
not possess the optimum mechanical, thermal and optoelectronic properties [31,
69, 72, 82, 88, 239, 262, 382]. It is thus important to produce isolated/individual
SWNTs from the bundles. Strong ultrasonic treatments in presence of water or
non-aqueous solvents and ‘dispersants’ (e.g. surfactants, polymers etc., aiding the
dispersion process) are commonly used to exfoliate highly aggregated SWNT net-
works into small bundles [100, 138, 157, 158, 183, 279, 299, 308, 319–331, 420,
495]. In the following sections, we present an overview of the methods to achieve



282 T. Hasan et al.

dispersions with high concentration of individual SWNTs and small bundles with-
out covalent functionalization. The SWNT dispersions thus obtained are mainly
characterized by absorption and photoluminescence spectroscopy, covered in the
subsequent sections.

9.3.1 Nanotube Dispersion in Water

The non-polar nature of unfunctionalized (i.e. pristine) SWNTs makes it hard to
directly disperse them in a highly polar solvent like water without any functionaliza-
tion [107, 267, 317, 426]. Therefore, much effort has been devoted to find suitable
molecules to interface the non-polar sidewalls of nanotubes with water. To date,
stable dispersions of pristine SWNTs in water have been achieved with the aid of
ionic and non-ionic surfactants [183, 308, 319, 348, 423, 466], polymers [22, 308,
320], DNA [13, 64, 495], polypeptides [100, 474, 498] and cellulose derivatives
[299, 420]. Covalent functionalization of SWNTs disrupts the extended π -network,
hence changes their optoelectronic properties [20, 23, 24, 57, 254].

Micelles are aggregated surfactant molecules. The critical micelle concentra-
tion (CMC) is the concentration of surfactants in a liquid above which micelles
are spontaneously formed [54]. At the CMC, the surface-area between two liquids
(e.g., air-water interface) becomes loaded with surfactant molecules. Addition of
any more surfactant molecules leads to the formation of micelles [54]. In aqueous
solutions, a typical surfactant (e.g. SDBS) micelle arranges its hydrophillic heads in
contact with water and the hydrophobic tails in the micelle center [54]. Surfactants,
in concentration above the CMC, form micelles around individual SWNTs and small
bundles, interfacing their non-polar tail with the tube sidewalls and their polar or
ionic end with water, making SWNTs compatible with the aqueous medium [183,
296, 308, 319]. This creates a density difference between individualized and bun-
dled SWNTs. For example, an individual SWNT encapsulated in an SDS micelle
is less dense than a 7-tube bundle encapsulated by the same micelles [319]. After
centrifugation, heavier bundles precipitate due to higher sedimentation coefficient
[46], while the supernatant becomes enriched with individually suspended SWNTs.
Several types of surfactants, both ionic and non-ionic, have been reported to sta-
bly suspend SWNTs in water [183, 308]. These include SDS, SDBS, SC, SDC,
TDC, DTAB, CTAB on the ionic side, and the Triton-X and Brij series on the
non-ionic side [183, 308], though the border between surfactant and polymer for
the latter is arbitrary. Bile salt surfactants have recently been demonstrated to be
very effective in individualizing SWNTs in aqueous dispersions [41]. Bile salts
(e.g. SDC, TDC, SC) have a rigid molecular structure, consisting of a cholesterol
group with dissimilar sides with a steroid skeleton with a carboxylic acid side-chain
and one to three hydroxyl (–OH) groups on the steroid backbone [295, 391]. They
are amphiphilic, having both hydrophobic and hydrophilic sides [391], enabling
them to individualize SWNTs much more effectively than linear chain surfactants
[41]. Figure 9.1 shows some surfactants and polymers commonly used to disperse
SWNTs in different solvents.
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Fig. 9.1 Chemical structures of common surfactants and polymers used to disperse SWNTs in
aqueous and organic solvents. SDS: sodium dodecyl sulfate; SDBS: sodium dodecylbenzene-
sulphonate; DTAB: dodecyltrimethylammonium bromide; CTAB: cetyltrimethylammonium bro-
mide; PFO: poly(9,9-dioctylfluorenyl-2,7-diyl; PmPV: poly(p-phenlyenevinyleneco-2,5-dioctoxy-
m-phenylenevinylene); PVP: polyvinylpyrrolidone; NaPSS: sodium polystyrene sulphonate; SC:
sodium cholate; SDC: sodium deoxycholate; TDC: sodium taurodeoxycholate

Water-soluble polymers are reported to wrap around SWNTs [22, 320],
thus facilitating their de-bundling and dispersion. In particular, polyvinylpyrroli-
done (PVP) and its copolymers with vinyl acetate, acrylic acid, dimethy-
laminoethyl methacrylate, polystyrene sulphonate, polyvinylsulphate can stably
disperse SWNTs in water [320]. The wrapping by water-soluble polymers is ther-
modynamically favored by the removal of the hydrophobic interface between
the nanotube sidewall and the aqueous medium [22, 320]. Cellulose derivatives,
e.g. sodium carboxymethylcellulose (Na-CMC) [299, 420] and hydroxyethylcel-
lulose [299] can also disperse a high amount of SWNTs without forming visible
aggregations.
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DNA is also an excellent dispersant of SWNTs in water [64, 441, 495]. Reference
[495] proposed that single-stranded DNA forms a helical wrapping around the
tube sidewalls by π -stacking. They also showed that the binding free-energy of
single stranded DNA to SWNTs is higher than that between two tubes, facilitat-
ing dispersion [495]. Other biomolecules, such as polypeptides, efficiently disperse
SWNTs in water [100, 474, 498]. Reference [100] designed a peptide, called nano-1,
which folds into an α-helix, whose hydrophobic side interacts with the tube side-
wall, whereas the hydrophilic side interacts with water molecules. Increasing the
aromatic residues within the peptides improves dispersion [498]. This can be fur-
ther improved by cross-linking the peptides on the external side of the α-helixes
[474].

9.3.2 Nanotube Dispersion in Non-aqueous Solvents

Although the highest concentrations (>1.5 gL−1) of pristine, individualized SWNTs
or small bundles have so far been achieved in water, the presence of dispersant
molecules is not the best option in view of their integration in devices when preser-
vation of the pristine electronic structure is necessary. Also, the aqueous medium
is not suitable for SWNT integration into water-insoluble polymer composites.
Therefore, much effort has been devoted to the dispersion of SWNTs in pure non-
aqueous solvents, such as N,N-dimethylformamide (DMF), N,N-dimethylacetamide
(DMA) and N-methyl-2-pyrrolidone (NMP) [15, 19, 32, 33, 138, 158, 222, 236,
245]. A range of surfactants and polymers has also been investigated as dispers-
ing agents in such solvents to improve the loading of unfunctionalized SWNTs
[157–160, 198, 279, 403–405].

Ref. [15] proposed that important criteria for solvents to get good dispersion of
SWNTs include high electron-pair donicity, β (hydrogen bond acceptance ability
[242, 354]), low hydrogen bond donation parameter, α and high solvatochromic
parameter [15], π∗. The latter describes the polarity and polarizability of solvents
[285, 354]. Therefore, the Lewis basicity (i.e. electron pair acceptance ability [242,
285, 354]) without hydrogen donors is key to good dispersion of SWNTs [15].
However, this does not cover all the requirements. For example, Ref. [15] showed
that, even though DMSO meets all the above criteria, it is only a mediocre solvent
for SWNTs. In addition, highly polar alkyl amide solvents with “optimal geome-
tries” are reported to be vital for good SWNT dispersion ability [245]. Amongst the
amide solvents, NMP has been described as one of the most effective for dispersing
pristine SWNTs [15, 19, 138, 158]. Pure NMP is able to disperse SWNTs with the
highest fraction (∼70%) of individual tubes at a very low concentration (∼0.004
gL−1), with growing average bundle size as the SWNT concentration increases
[138]. Individual tubes remain stable in NMP for at least 3 weeks [158].

Dispersion and stabilization of nanoparticles, e.g. nanotubes in pure solvents,
can be explained by considering the relative solvent-solvent, solvent-particle and
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particle-particle interaction strengths [166]. Stable nanoparticle dispersions require
the Gibbs free energy of mixing, ΔGmix, to be zero or negative [155]:

ΔGmix = ΔHmix − TΔSmix (9.1)

where, T is the absolute temperature, ΔHmix is the enthalpy of mixing and ΔSmix

is the entropy change in the mixing process [166]. For large solute particles like
graphene and nanotubes, ΔSmix is small [32, 166]. Therefore, for dispersion and sta-
bilization of SWNTs in solvents, ΔHmix needs to be very small. This can be achieved
by choosing a solvent whose surface energy is very close to that of SWNTs. This
supports the experimental evidence of NMP being the best solvent in dispersing
pristine SWNTs [32, 138, 158].

We also investigated non-ionic surfactants such as Triton-X 100, Pluronic F98,
Igepal DM-970 in NMP as dispersing agents [158, 159]. Though they are able to
disperse a higher amount of SWNTs than pure NMP, they do not help in individu-
alizing nor stabilizing them [158, 159]. Interestingly, if polyvinylpyrrolidone (PVP)
is added to SWNTs dispersed in pure NMP, spontaneous de-bundling occurs [158],
even after re-aggregation of SWNTs [159]. This process depends on diameter and
chirality [158]. In addition, reduction of PVP concentration initiates re-aggregation
of dispersed SWNTs, thereby proving PVP to be essential to stabilize the dispersions
[157]. Figure 9.2 illustrates the stabilizing effect of PVP concentration on SWNT
dispersions in NMP [157].

Amphiphilic block copolymers may also be used to efficiently individualize
SWNTs in DMF [198]. Indeed, they act as surfactants, having a hydrophobic
block and a hydrophilic one. Polystyrene-block-polyacrilic acid (PS-b-PAA) forms
micelles around individual SWNTs by gradual addition of water. The external
hydrophilic blocks are finally cross-linked giving stable micelles, see Fig. 9.3 [198].

Fig. 9.2 Photograph of SWNT dispersion sets prepared with gradually lower PVP concentration
(from left to right; 8.75, 6.56, 4.38, 2.63, 1.75, 1.31, 0.88, 0.44, 0.22, 0 gL−1) with SWNT concen-
tration (0.02 to ∼0.0002 gL−1). Previously dispersed SWNTs (∼0.013 gL−1) re-aggregate below
∼3 gL−1 of PVP concentration [157]
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Fig. 9.3 Scheme of the individualization process of a SWNT by the PS-b-PAA block copolymer
by creating micelle-like structures by cross-linking. Adapted from [198]

Conjugated polymers can also disperse high amounts of SWNTs in non-
aqueous solvents [403–406]. Poly-[(m-phenylenevinylene)-co-(2,5-dioctyloxy-p-
phenylenevinylene)] (PmPV) and its derivatives preferentially wrap around bundles
rather than individual tubes, when chloroform is used as solvent [405, 406]. PmPV
derivatives containing ionic side-groups can also disperse SWNT bundles in pro-
tic solvents like ethanol [403]. The dispersion mechanism is proposed to be π -π
stacking and van der Waals interaction between PmPV and tube sidewalls [403].
On the other hand, if a hyper-branched variant of PmPV is used, SWNTs can be
individually dispersed in chloroform [404]. In this case, the branched structure
of the polymer forms cavities that are suitable to host individual SWNTs [404].
Individual SWNTs can also be separated in THF if poly(p-phenylene-1,2-vinylene)
(PPV) is co-polymerized with units of p-phenylene-1,1-vinylidene [443]. The result-
ing copolymer (coPPV) has structural defects (the 1,1-vinylidene units) that allow
the polymer backbone to fit the curvature of the nanotube sidewalls better than the
homopolymer, thus wrapping around the SWNT by π -stacking [443].

9.3.3 Nanotube Dispersion in Liquid Crystals

The unique structure of Liquid Crystal (LC) molecules enables them to be aligned
by surface treatment or by an applied field. The highly anisotropic interaction of
SWNTs with light [6, 266, 387] dictates the need of their alignment parallel to
the light polarization, so to maximize their absorption with minimal loading [179,
309, 357]. Dispersion of SWNTs in LC is therefore an attractive proposition for
SWNT alignment, due to interaction with LCs, for photonic/optical applications
[102, 243, 244, 276, 369, 438]. In fact, alignment of multiwall nanotube (MWNT)
bundles was reported using E7 LCs and applying an electric field, even higher than
the orientational ordering of E7 itself [101, 102]. In addition, even with very small
CNT concentrations (e.g. <0.01∼0.05 wt%) [251], enhancement of the nonlinear
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[218, 251, 369, 437], electrooptical [74, 176, 252, 253] and dielectric properties
[73, 369] of pristine LCs was observed [73, 176, 218, 252, 253, 369]. The resulting
high optical intensity of ∼100 μWcm−2 [218], lower driving voltage [252, 253],
suppression of field-screening [73] and faster reorientation of LCs, could improve
the stability and response time of LC displays [176, 369]. SWNTs can be dispersed
in LCs [369] directly, or using the LC molecules as dispersants [243, 244, 437].
Lyotropic LCs are amphiphillic compounds dissolved in solvents whose LC state
or mesophase formation depends on their concentration and on the solvent itself
[114]. Lyotropic LCs, in their solvents, have a hydrophobic and hydrophillic part in
their structure, much like surfactants, and can be effectively used as dispersants for
SWNTs. Reference [243] reported that lyotropic LC molecules arrange in micellar
structures around CNTs, similar to the encapsulation of SWNTs by ionic surfactant
micelles in aqueous suspensions [17]. Compared to CNT dispersions with ther-
motropic LCs (whose LC state or mesophase formation depends on temperature
[114, 244]) [102, 276, 437, 438], lyotropic LC molecules in solvents allow higher
loading (up to 0.15 wt%) [464] and better stability of the resultant dispersion [243,
244, 464]. Even higher loading of SWNTs results in phase separation and conse-
quent decrease in viscosity [464]. It is important to note that for display applications,
low loading of SWNTs in LC is desirable to minimize conductive contributions from
m-SWNTs [369]. Therefore, lyotropic LCs might be used for CNT alignment only
[244, 464]. Nevertheless, in both types of LCs, irrespective of CNT loading, CNTs
can be aligned using the LC molecules by applying electric or magnetic fields [101,
102, 244, 464]. Thus, SWNT-LC dispersions are very attractive for large scale CNT
alignment [102, 244].

9.4 Graphene Dispersion in Aqueous and Non-Aqueous Solvents

Exfoliation of graphene from graphite is a promising route for up-scalable, graphene
based applications. Like SWNTs, graphene/graphite is hydrophobic and requires
surfactants to form stable aqueous dispersions. Bile salts are excellent in exfoli-
ating graphite flakes to produce aqueous dispersions of graphene [83, 161, 271,
284, 411]. This is due to the flat molecular structure of bile salts, which readily
adsorb on graphitic surfaces [391, 409]. SDC, in particular, forms a large con-
tact area (∼1.8–3 nm2) per surfactant molecule [368] with its β side compared
to linear chain surfactants (e.g. sodium dodecylbenzene sulfonate (SDBS) [94,
271]), which adsorbs on graphitic surfaces through its alkyl chains [183]. The
hydrophobicity of bile salts dictates how strongly their molecules are adsorbed on
the graphitic surfaces. This is measured by the Hydrophobic Index (HI), defined as
[301]:

HI = HIα + HIβ (9.2)
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where,

HIα(β) = Hydrophobic surface areaα(β)

Hydrophilic surface areaα(β)
× anomer% (9.3)

The HI of deoxycholic acid is 7.27, higher than that of its tri-hydroxy counterpart,
cholic acid (6.91) [301]. This is also reflected in the higher effective contact area
of SDC molecules with per gram of graphite (6.96 nm2g−1) compared to that of
SC (5.72 nm2g−1) [368]. This also implies a denser and more regular graphene
surface coverage with SC [161]. Di-hydroxy bile salts, e.g. SDC or sodium tau-
rodeoxycholate (TDC), are thus more effective than the trihydroxy ones, e.g. SC
or sodium taurocholate (TC), and significantly better than linear chain surfactants,
such as SDBS. Thermodynamic parameters of bile salts adsorbing on graphite at
25–30◦C show that ΔGmix for SDC adsorbed on graphite (∼−28 kJ mol−1 [409]) is
more negative than for SC (ΔGmix∼−26 kJ mol−1 [409]). Since Eq. (1) dictates the
thermodynamic stability of dispersions, graphene flakes dispersed by SDC in water
are expected to be more stable compared to those dispersed by SC-water [409].

For a given graphene volume fraction and flake thickness in non-aqueous
solvents, it was shown that [166]:

ΔHmix ∝ (δ1 − δ2)2 (9.4)

where, δi is the square root of surface energy of graphene and solvent. This requires
the surface energies of graphene and solvent to be very close for a stabilized dis-
persion, similar to what is empirically observed for pristine SWNTs, as discussed
in Section 9.3.2. The surface tensions (γ ) of NMP and ortho-dichlorobenzene (o-
DCB) are 35.71 and 44.56 mJ m−2 [484]. When converted to solvent surface energy
(ESur) with a generalized surface entropy (SSur) of 0.1 mJ K−1 m−2 [137, 275] using
the relation γ = (ESur − TSSur) [275], we get ∼65–75 mJ m−2 [161]. This is within
the range of estimated surface energies (∼70 mJ m−2) of nanotubes and graphite

Fig. 9.4 TEM statistics for (a) water-SDC graphene dispersions showing ∼50% SLG and BLG
(b) anhydrous NMP dispersions showing ∼50% SLG and BLG. Inset:folded SLG. Adapted from
Ref. [161]
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[32, 141, 166, 374, 436, 488] and explains efficient exfoliation of graphite in certain
solvents, e.g. NMP and o-DCB. The concentrations of flakes in aqueous and non-
aqueous dispersions can be >100 mg L−1 [161], with >50% SLG and BLG [161,
166, 271, 284]. Figure 9.4 shows TEM statistics and images of typical exfoliated
flakes obtained by LPE.

9.5 Sorting Nanotubes by Chirality and Electronic Type Using
Density Gradient Differentiation

The separation of SWNTs by different chiralities from as-grown, heterogeneous
mixture of SWNTs would be the ideal way to exploit their full potential in any appli-
cations, since one could mix the different chiralities according to the needs. This is
particularly important for optoelectronic applications, when SWNTs with defined
electronic properties, diameter or chirality are most preferable. To date, different
approaches for post-growth selection have been proposed, such as chromatography
[496], electrophoresis [104, 235, 259], and conventional [461] or density gradient
ultracentrifugation(DGU) [12, 13, 41, 86, 482]. Amongst these techniques, DGU
has emerged as the most promising and versatile strategy. Indeed, separation of
nanotubes by length [113], number of walls [147], diameter [13], metallic vs semi-
conducting (m/s) character [12] and chirality [41] has been reported. Here we will
use “sorting” to indicate a generic process of postgrowth nanotube selection; “sepa-
ration” to indicate a process resulting in a sample with diameter in a certain range or
to indicate separation of m/s nanotubes; “enrichment” to indicate a process resulting
in an increase of the percentage of nanotubes with certain chirality with respect to
the pristine material.

Analytical ultracentrifugation is a well established and versatile technique for
a wide range of applications [418]. It is, for example, useful to determine molec-
ular weight [85], thermodynamic [361] and hydrodynamic [162] properties of
molecules. Preparative ultracentrifugation was historically used in separation and
manipulation of biological molecules such as DNA, RNA and different proteins
[46, 84, 129, 144, 163, 228, 313]. When a uniform medium is used, this is referred
to as differential ultracentrifugation [418]. If density gradient is introduced, this is
knows as DGU [30, 337]. Differential ultracentrifugation separates particles based
on their sedimentation rate [418], which determines how quickly they sediment out
of the fluid in which they are dispersed, in response to a centrifugal force acting
on them. In DGU, particles are ultracentrifuged in a preformed density gradient
medium (DGM) [30, 337, 467]. During the process, they move along an ultracen-
trifuge cell, dragged by the centrifugal force, until they reach the corresponding
isopycnic point, i.e., the point where their buoyant density equals that of the sur-
rounding DGM [467]. The buoyant density is defined as the density of the medium
at the corresponding isopycnic point (measured in g/cm3), which depends on the
dispersion, on the type of surfactant and may also be different in diverse gradient
media [180]. Such process depends only on the particles buoyant density, and is
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also known as isopycnic separation. If the ultracentrifugation is stopped before the
particles achieve their isopycnic points, a zonal separation (ZS) is attained [46]. The
latter also depends on the particle sedimentation rates [46].

Isopycnic separation thus allows sorting and separation of SWNTs based on
their density differences [12, 13, 86]. The DGM choice is largely driven by the
material one needs to separate. Salts (such as cesium chloride, lithium chloride,
sodium chloride, etc.), sucrose, and Optiprep, i.e. 60% w/v iodixanol (a non-ionic
iso-osmotic derivative of tri-iodobenzoic acid [126]) solution in water [12, 41, 86]
(ρ ∼1.32 g cm−3), are usually exploited in isopycnic separations. Due to the low
viscosity of the DGM, density gradients produced by salts are less stable compared
to those produced with Sucrose and Optiprep [41]. Moreover, salts induce strong
aggregation on the hydrophobic solutes [55, 70] that sometimes affect the separa-
tion process itself [41]. Also, the percentage of sucrose used as DGM can have a
significant impact on the separation [41]. Sucrose has high viscosity, increasing at
high concentrations, and is mainly used in DGU for ZS rather than for isopycnic
separation [41]. On the other hand, Optiprep is better suited for isopycnic separa-
tion due to its higher viscosity than salts, and better density tunability than sucrose
[41]. Moreover, it has an almost constant viscosity as function of the gradient den-
sity [489], low osmolarity [109], is dialyzable and its gradients are self-forming
[126]. There are different approaches (linear, non-linear or step gradient [12, 80,
133, 390, 447]) to prepare the density gradient. These are related to how the density
of the liquid medium is varied across the length of a centrifuge cell. Step gradients
are created by a series of steps increasing in density in order to separate the par-
ticles of interest from their undesirable neighbors [390, 447]. Non-linear gradients
are formed so that the particles sediment at the same rate over the entire length of
the cell [80]. Linear gradients are used to separate materials with very small differ-
ences in their buoyant density [46, 133] e.g. in SWNT sorting, as the difference in
densities of SWNT is very small. Linear gradients are created directly in centrifuge
cells either by using a linear gradient maker or making discrete layers of gradually
increasing densities. In the latter case, the discrete layers diffuse into each other and
form a linear density gradient [12, 86].

For sorting, a dispersion containing the SWNTs, after sonication and pre-
ultracentrifugation, is inserted in the density gradient at the top or at a point where
the density of the prepared gradient closely matches that of the solution. This can
be determined by measuring the density of the SWNT dispersions and comparing
it to that of different layers before their diffusion. The dispersion is then ultra-
centrifuged until equilibrium is reached. Because of the different densities of the
gradient medium along the centrifuge cell, SWNTs are redistributed at their respec-
tive isopycnic points [12, 167]. A schematic of the process is presented in Fig. 9.5a.
The appearance of different color bands is an indication of SWNTs sorting [12, 86].
The colors depend on the peak optical absorption. Thus, e.g., the purple color (non
spectral red-blue combination) of the top band in Fig. 9.5b is due to (6,5) tubes that
absorb at ∼570 nm (eh22) (yellow).

After ultracentrifugation, the sorted SWNTs are removed from the ultracen-
trifuge cells, layer by layer, using a fractionation technique. This is a widely used
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Fig. 9.5 Sorting of SWNTs using isopycnic separation: (a) Schematic of the process. (b) Sorted
SWNTs at their isopycnic points. Adapted from Ref. [12]

process in life sciences by which certain quantities of a mixture are separately
extracted to a large number of aliquots, whose composition varies according to the
density gradient of the original mixture [407]. Fractionation methods are classified
into three main categories: piston [47], down [48] and upward [47] displacement.
For SWNT separation, upward displacement fractionation can be used to extract
small aliquots [41, 86]. A dense solution, Fluorinert FC-40, is inserted with a nee-
dle at the bottom, pushing the gradient up into an inverted collection needle [7].
Because the density of the tubes changes with their diameter, considering a uniform
surfactant coverage, this immediately links buoyant density to tube diameter, thus
enabling an effective diameter sorting by isopycnic separation [12, 13, 41, 86].

Natural bile salts [356], such as SC, SDC or TDC are the most suitable sur-
factants for isopycnic separation, due to their steroid skeleton polar tail. These, in
aqueous environments, expose their hydrophilic sides to the water and the hydropho-
bic sides to the SWNTs [465]. This is a key requirement in the adsorption of flat
molecules onto the hydrophobic graphitic surface whose structure is composed
of carbon atoms [301]. This also allows the exfoliation [161, 271, 284, 411] and
separation of graphitic flakes by number of layers [148]. In contrast, linear chain
surfactants, such as SDBS, have a flexible cylindrical body and inefficiently form
micelles around SWNTs [295]. We demonstrated that the poor performance of lin-
ear chain surfactants in diameter separation, with respect to bile salts, is related,
other than to inefficient de-bundling, to their surface coverage of SWNTs [41].
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Linear chain surfactants form micelles around SWNTs with a random number of
molecules, similar to their behavior with hydrophobic particles in aqueous solutions
[295]. Since DGU is sensitive to the buoyant density of the SWNT-surfactant assem-
bly, a uniform surface coverage of the sidewalls is critical. This is why linear chain
surfactants are less effective.

Isopycnic separation allows m/s separation [12] with minimal modification of
the protocol used for diameter separation [13]. This is achieved in a co-surfactant
mixture, based on the principle that surfactants with different chemical structure
adsorb in a different way on m/s-SWNTs sidewalls, due to their different polar-
izability [289], resulting in different buoyant densities. Mixtures of linear chain
surfactants and bile salts are ideal due to their competitive absorption on SWNT
sidewalls depending on the m/s nature of the tubes [272]. This creates subtle differ-
ences in the density of the micelle encapsulated SWNTs, enough to separate m- and
s-SWNTs [12, 167].

Combining m/s and diameter separation, it is possible to enrich a single chiral-
ity [41]. For example, a (7,4) tube, with diameter 0.75 nm and chiral angle θ =
21◦ is geometrically close to a (6,5) (d= 0.75 nm and θ = 27◦). However, (7,4)
is metallic and (6,5) is semiconducting. Hence, they can be separated due to their
different electronic properties [12]. In order to reduce the (n,m) combinations and
obtain the highest percentage of a single chirality, a two step procedure can be used:
m/s separation exploiting a co-surfactant mixture (TDC-SDS) followed by diameter
separation (SC). This allows, e.g., to selectively enrich (6,5) with respect to (7,4)
and (6,6). Figures 9.6a, b demonstrate the enhancement of (6,5) [41]. Note that for
an absolute population measurement, the PL cross section of individual species of
SWNTs must be taken into account [323, 330, 353].

Fig. 9.6 Photoluminescence excitation map of (a) initial CoMoCAT dispersion showing the
exciton-exciton resonances from different SWNTs; (b) After isopycnic separation. The enrichment
of (6,5) is shown by the strong (eh22, eh11) resonance at ca. (982, 569) nm
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9.6 Inkjet Printing of Nanotube and Graphene Dispersions

Deposition of fluidic droplets to form patterns directly on substrates using inkjet
printing offers a mask-less, inexpensive and scalable low-temperature process for
large area fabrication [34, 132, 204, 336, 388, 389, 408]. The core technology is
very similar to that of consumer-level inkjet printers. Solution processable conju-
gated polymers are ideal to fully exploit such an inexpensive and flexible printing
technique to realize all-polymer devices on a variety of substrates [34, 204, 389,
408]. In fact, a variety of devices for different applications, ranging from all-
plastic electronics [204, 389, 408] to organic light emitting displays [386] has so
far been demonstrated using this technology. The resolution of inkjet printing can
be enhanced by pre-patterning the substrates, so that the functionalized patterns
can act as barriers for the deposited droplets [203, 458]. Device channel lengths
as small as 500 nm can be obtained [458]. Even higher resolution of 100–400 nm
was recently demonstrated by a self-aligned inkjet printing method [318]. Using
inkjet printing in conjunction with micro-embossing, self-aligned, vertical channel
all-polymer thin film transistors were also reported [408].

Several inkjet printed devices on various un-patterned and pre-patterned sub-
strates have thus far been demonstrated, using conjugated polymers, nanomaterials
(e.g. pigments [231], microemulsions [196], magnetic nanoparticle-based inks [65],
diamond [128] or metallic nanoparticles [315, 494]), CNTs [28, 174, 392], and
graphene dispersed in carrier solvents. To minimize sedimentation, the particle sizes
must have dimensions < 1 μm [56]. This limits the maximum nanoparticle volume
fraction due to increased viscosity [56]. Direct inkjet printing of soluble organic
precursors for making metal contacts in organic field effect transistors was recently
reported [131, 471]. However, inkjet printing of silver-copper nanoparticle-based
solutions yielded lower contact resistance compared to the organic precursor-based
approach [131]. The advantages of inkjet printing of nanoparticles suspended in car-
rier solvents include greater ease of selective deposition and high concentration of
materials for partially soluble compounds [56].

Printing nanotubes, graphene and nanotube-polymer composites directly on a
range of substrates is thus an attractive technological proposition, due to its flexi-
bility and selective deposition on a small target area [28, 40, 174, 233, 388, 392,
419]. This is even more attractive as it could result in improved mobility, envi-
ronmental stability and lifetime compared to organic electronic devices [14, 28,
38]. Figure 9.7a, b show a printing head and a high speed close-up of a fluidic
droplet being expelled from the 50 μm nozzle. Figure 9.7c is an optical micro-
graph of an array of inkjet printed SWNT-TFT devices [28] without any boundary
patterns to restrict the spreading of the deposited droplets. Nevertheless, this demon-
strates the effectiveness of selective deposition. As for nanoparticle-based solutions,
it is vital to obtain an effective dispersion of SWNTs for inkjet printing. This is
because aggregation of SWNTs, frequently encountered in organic solvents, easily
clogs the print nozzles. Dispersions of pristine SWNTs in pure NMP are not stable.
The aggregation is triggered by the tendency of NMP to absorb moisture. That is
why using even a week-old SWNT dispersion for inkjet printing results in lumps
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Fig. 9.7 (a) Inkjet printing
head (b) High speed
photographic close-up of the
nozzle showing a droplet
being expelled (c) Optical
micrograph TFT-SWNT
devices printed using inkjet
[28]

on the substrate [28]. Printing percolated networks of SWNTs as transparent con-
ductors replacements is also being investigated [98] (see Section 9.10.1). Though
mostly unfunctionalized SWNTs have been used in literature, using different side-
wall functionalizations, it was shown that the general characteristics of SWNT
based inkjet printed transistors may be modified [142]. SWNTs stabilized by a
water-soluble conducting polymer, namely poly(2-methoxyaniline-5-sulfonic acid)
(PMAS), were also ink-jet printed on plastic substrates to yield transparent, conduct-
ing films [392]. Also, exclusively inkjet-printed SWNT thin film transistors with
low-voltage operation were recently demonstrated using high-capacitance ionic-
liquid dielectrics [326]. We also prepared a graphene-ink suitable for inkjet printing,
achieving graphene TFTs with up to 95 cm2V−1s−1 mobility and 80% optical
transmittance, paving the way to high mobility all-inkjet printed graphene-based
optoelectronics.

9.7 Optical Characterizations of Nanotube and Graphene
in Dispersions

Significant efforts have been devoted to understanding the electronic and optical
properties of nanotubes [17, 201, 293, 319, 335, 456]. Their quasi-one dimension-
ality gives rise to sharp spikes (van Hove singularities) in their electronic density
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of states. The nature of the electronic transitions responsible for the optical proper-
ties in SWNTs has been the subject of intense debate. Many authors have discussed
their experimental observations in terms of band-band transitions [201] involving
free electron-hole pairs, Fig. 9.8a. The ensemble of transition energies Eii between
i-th van Hove peaks on opposite sides of the Fermi level vs tube diameter form
the so-called Kataura plot [201]. This is widely used to understand absorption
spectroscopy and resonant Raman spectroscopy of SWNTs. However, the electron-
hole interaction in nanotubes is very strong [335]. The exciton binding energies of
SWNTs are very large, ranging from tens of meV to 1 eV, depending on diameter,
chirality, and dielectric screening [293, 335, 456]. Therefore, an incoming photon
creates an exciton formed by bound electron(e)-hole(h) pairs in the i-th sub-band,
Fig. 9.8b.

SWNT dispersions are usually characterized by UV-Vis absorption and photolu-
minescence excitation (PLE) spectroscopy, in order to assess the concentration and
presence of individual tubes or bundles [16, 17, 175, 187, 226, 255, 293, 303, 304,
319, 321, 342, 355, 421, 456, 463]. As an example, Fig. 9.9 plots absorption spectra
of SWNTs in different solvent-surfactant systems. The peaks in these spectra rep-
resent excitonic transitions, while their sharpness is an indication of the presence of
isolated SWNTs [151, 308, 319]. For example, the features from 400 to 550 nm, 550
to 900 nm and 1,100 to 1,430 nm in the spectra represent eh11 of m-SWNTs, eh22
of s-SWNTs and eh11 of s-SWNTs, respectively [116, 187, 293, 319, 421, 456].
Bundling results in broadening of the absorption peaks [116, 321, 352, 421, 422,
457] and reduction of the transition energies. This causes a red-shift in the absorp-
tion spectra [116, 257, 321, 352, 422, 457]. However, changes in excitonic transition
energies can also be caused by increase in the dielectric constant (ε) of the surround-
ing environment, the so-called “dielectric screening effect” [60, 116, 124, 335, 452,
457]. Due to this, the absorption spectra of SWNTs dispersed in aqueous solvents
exhibit small shifts in transition energies depending on the dispersants used [299,

Fig. 9.8 Schemes of the optical excitation and emission of s-SWNTs based on the (a) band-to-
band model and (b) exciton picture. GS represents ground state
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Fig. 9.9 Absorption spectra
of SWNTs in different
solvent-surfactant systems,
(a) Pure NMP [158];
(b) Water/SDBS [308];
(c) Water/SDS [308];
(d) Water/CTAB [308];
(e) Water/Brij [308];
(f) Water/Na-CMC [299];
(g) Water/DNA [495];
(h) Water/Nano-1 [498].
These spectra illustrate the
shift in absorption peaks due
to the different dielectric
environments surrounding the
SWNTs

308, 495, 498]. In the case of organic solvents, a larger red-shift of 30–50 meV is
usually observed, and attributed to large increase in dielectric screening [138, 158,
279, 384].

9.7.1 Estimation of Nanotube Loading

When preparing SWNT-polymer composites for optical applications, estimation of
the SWNT aggregation in the dispersions (i.e. bundle size) is usually carried out by
comparing SWNT dispersions prepared using the same dispersant/solvent combi-
nation, to eliminate the effects caused by different dielectric environments [60, 79,
124, 227, 305, 335, 352, 452, 457]. However, more specific information on SWNT
bundling can be obtained using PLE spectroscopy, as discussed in Section 9.7.2.
The SWNT concentration in a dispersion can be determined by the Beer-Lambert
law Aλ = αλ lc, where Aλ is the absorbance of the material at the wavelength λ, αλ

is the corresponding absorption coefficient, l is optical path length and c is the con-
centration of the material. In case of very high SWNT concentration, the dispersion
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Fig. 9.10 Absorption
coefficients of HiPco SWNTs
in NMP at four wavelengths.
Adapted from Ref. [158]

needs to be diluted to avoid scattering losses [39, 158, 159, 299]. In order to get a
reliable result, it is necessary to determine αλ at several wavelengths from a set of
solutions with known SWNT concentration [138, 158, 245]. These wavelengths are
chosen to match well-defined peaks in the absorption spectra of SWNTs in disper-
sions, e.g. eh11 of m-SWNTs (at 506 nm), eh22 of s-SWNTs (at 660 and 871 nm),
and eh11 of s-SWNTs (at 1,308 nm) for SWNTs dispersed in NMP. Figure 9.10
shows an example used to estimate αλ of HiPco SWNTs dispersed in pure NMP at
four different wavelengths [158]. The values of αλ thus obtained can then be used
to assess the SWNT concentrations in unknown samples [138, 158, 245].

9.7.2 Detection of Nanotube Bundles

Bundling can decrease the gap in s-SWNTs even if the surrounding dielectric envi-
ronment remains unchanged [321, 421, 422, 457]. Indeed, red-shift and broadening
of excitonic transitions as a consequence of bundling was observed by resonant
Raman profiles of radial breathing modes [321], Rayleigh scattering [457], absorp-
tion and PL spectroscopy [421, 422]. This is attributed to the modification of
Coulomb interactions by dielectric screening induced by the adjacent nanotubes
[452, 457]. In comparison to Raman scattering and Rayleigh scattering, absorption
and PL spectroscopy are faster techniques to probe the red-shift of excitonic tran-
sitions in SWNT ensembles [321, 421, 422, 457]. However, because the optical
transitions of SWNTs are strongly modulated by the dielectric environment [60, 79,
124, 227, 305, 335, 352, 452, 457], the comparison between different SWNT dis-
persions only works between dispersions prepared with the same combination of
dispersant and solvent. It is not known how sensitively absorption or PLE spec-
troscopy can probe the bundle size in dispersions and composite films, because the
optical transitions of SWNTs are usually very broad due to bundling inhomogeneity,
packing efficiency and wide distribution of bundle sizes in the ensemble samples



298 T. Hasan et al.

[421, 422]. Therefore, it is necessary to explore a direct, simple and independent
way to identify the presence of bundles in SWNT dispersions and films.

We observed exciton energy transfer (EET) between nanotubes in bundles [371,
421, 422]. EET is very common and widely studied in biological systems, conju-
gated polymers, quantum wires, dots, and other low-dimensional systems [1, 27,
36, 127, 194]. A thorough investigation of PL and PLE spectra of SWNT disper-
sions shows that the apparently complex absorption and emission features can be
explained by EET between adjacent s-SWNTs within a bundle [421]. Detection
of EET does not require any reference sample; hence, is an independent method
to monitor bundles. For example, Ref. [421] showed that 2 months after prepara-
tion, CoMoCAT dispersions in water with 1 wt% SDBS form small bundles. This
was hinted by a red-shift in eh11 emission wavelengths [321, 422, 457]. However,
a number of new resonance spots were also detected, not corresponding to any
exciton-exciton resonances of SWNTs in the emission range from 1,150 to 1,350 nm
[16, 17]. We attributed these spots to EET from large-gap s-SWNTs (donors) to
small-gap s-SWNTs (acceptors). Because of the large exciton binding energies [293,
335, 456], energy transfer between s-SWNTs occurs via excitons [421], not via
inter-tube electron or hole migration as suggested by Ref. [433]. Note that these
optical features are distinct from the deep excitonic states (DE) reported in Ref.
[248]. The intensity of the DE features is very weak and their positions are depen-
dent on the associated excitonic transition energies, while the EET features can be
very strong and are exclusively dependent on the excitonic transition energies of
the donor and acceptor s-SWNTs [421]. Figure 9.11 schematically describes EET
from a donor nanotube to an acceptor. The emission-absorption overlap between
donor and acceptor SWNTs depends on the specific donor-acceptor couple. We pro-
posed Förster resonance energy transfer (FRET) [127] as the EET mechanism [421]
because of the high degree of orientation and small wall to wall distance between
tubes in bundles, the latter also favoring multipolar contributions [127, 194]. The
EET features, marked in circles and ellipses in the PLE map shown in Fig. 9.12, are
summarized in Table 9.1. These can thus be used to detect the presence of bundles
in SWNT dispersions.

Fig. 9.11 Schematic illustration of EET from a large gap s-SWNT to a smaller gap s-SWNT [421]
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Fig. 9.12 PLE map for (a) as-prepared dispersions and (b, c) after 2 months of incubation, where
the PLE maps in (a) and (b) are within the eh11 emission and the eh22 excitation of (6,5) and (8,4)
tubes. Solid lines at upper left corners represent resonances with same excitation and recombina-
tion energies. The dashed-dotted lines are associated with the D sideband of eh11 excitons. Open
squares represent eh11 emission of SWNTs for which excitation matches their eh11, eh22, eh33 and
eh44 transitions. Each (eh22, eh11) resonance is labeled with the chiral index of the corresponding
SWNT. Open up-triangles are phonon sidebands of eh11 and eh22 excitons. Open circles mark
emission from (8, 4), (7, 6) and (9,4) SWNTs, with excitation matching eh11, eh22 and eh33 of
(6,5). Broad spectral features marked by ellipses are assigned to EET between s-SWNTs [421]

9.7.3 Optical Characterizations of Graphene in Dispersions

The linear dispersion of Dirac electrons in graphene [40, 160, 311, 411] results in
flat absorption spectra from the visible to the near IR region. A UV peak is also
observed which is a signature of the van Hove singularity in the graphene density of
states [234]. As for SWNTs, the loading of graphene in aqueous or non-aqueous
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Table 9.1 Assignment of exciton-exciton bands and corresponding EET features in the PLE map
of as-prepared CoMoCAT SWNT dispersions in D2O/SDBS. λex and λem are excitation and emis-
sion wavelengths in nm, Eex and Eem the excitation and emission energy in eV. (n, m) is the
chirality. ehD

ii (i = 1,2,3,4) and ehA
11 are excitonic transitions of donors (D) and excitonic emission

of acceptors (A), respectively. Here, ehii (i=1,2,3,4) correspond to the excitonic states associated
with the i-th electronic inter band transition Eii (i=1,2,3,4) in the single-particle picture

EET features

(λex,λem) (Eex, Eem) Donor Assign. Acceptor

(980,1025) (1.265,1.210) (6,5) (ehD
11, ehA

11) (7,5)

(980,∼1116) (1.265,1.111) (6,5) (ehD
11, ehA

11) (8,4),(9,4),(7,6)

(980,1139) (1.265,1.088) (6,5) (ehD
11, ehA

11) (9,2)

(980,1180) (1.265,1.051) (6,5) (ehD
11, ehA

11) (8,6)

(980,∼1260) (1.265,0.984) (6,5) (ehD
11, ehA

11) (9,5),(10,5),(8,7)

(980,∼1330) (1.265,0.932) (6,5) (ehD
11, ehA

11) (13,2),(9,7),(12,4)

(914,∼1116) (1.357,1.111) (9,1) (ehD
11, ehA

11) (8,4),(9,4),(7,6)

(879,∼1116) (1.411,1.111) (6,4) (ehD
11, ehA

11) (8,4),(9,4),(7,6)

(828,980) (1.498,1.265) (5,4) (ehD
11, ehA

11) (6,5)

(828,1025) (1.498,1.210) (5,4) (ehD
11, ehA

11) (7,5)

(828,∼1116) (1.498,1.111) (5,4) (ehD
11, ehA

11) (8,4),(9,4),(7,6)

(828,1139) (1.498,1.088) (5,4) (ehD
11, ehA

11) (9,2)

(828,1180) (1.498,1.051) (5,4) (ehD
11, ehA

11) (8,6)

(828,∼1260) (1.498,0.984) (5,4) (ehD
11, ehA

11) (9,5),(10,5),(8,7)

(828,∼1330) (1.498,0.932) (5,4) (ehD
11, ehA

11) (13,2),(9,7),(12,4)

(645,1060) (1.922,1.170) (7,5) (ehD
22, ehA

11) (10,2)

(646,1139) (1.919,1.089) (7,5)(7,6) (ehD
22, ehA

11) (9,2)

(646,1180) (1.919,1.051) (7,5)(7,6) (ehD
22, ehA

11) (8,6)

(646,∼1260) (1.919,0.984) (7,5)(7,6) (ehD
22, ehA

11) (9,5)(10,5)(8,7)

(646,∼1330) (1.919,0.932) (7,5)(7,6) (ehD
22, ehA

11) (13,2),(9,7),(12,4)

(589,1139) (2.105,1.089) (8,4) (ehD
22, ehA

11) (9,2)

(589,1180) (2.105,1.051) (8,4) (ehD
22, ehA

11) (8,6)

(589,∼1260) (2.105,0.984) (8,4) (ehD
22, ehA

11) (9,5)(10,5)(8,7)

(566,1025) (2.191,1.209) (6,5) (ehD
22, ehA

11) (7,5)

(566,∼1116) (2.191,1.111) (6,5) (ehD
22, ehA

11) (8,4)(9,4)(7,6)

(566,1139) (2.191,1.089) (6,5) (ehD
22, ehA

11) (9,2)

(566,1180) (2.191,1.051) (6,5) (ehD
22, ehA

11) (8,6)

(566,∼1260) (2.191,0.984) (6,5) (ehD
22, ehA

11) (9,5)(10,5)(8,7)

(566,∼1330) (2.191,0.932) (6,5) (ehD
22, ehA

11) (13,2),(9,7),(12,4)

(371,1139) (3.342,1.089) (7,6) (ehD
33, ehA

11) (9,2)
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Table 9.1 (continued)

EET features

(λex,λem) (Eex, Eem) Donor Assign. Acceptor

(371,1180) (3.342,1.051) (7,6) (ehD
33, ehA

11) (8,6)

(371,∼1260) (3.342,0.984) (7,6) (ehD
33, ehA

11) (9,5)(10,5)(8,7)

(321,1139) (3.863,1.089) (7,6) (ehD
44, ehA

11) (9,2)

(321,1180) (3.863,1.051) (7,6) (ehD
44, ehA

11) (8,6)

(346,1060) (3.584,1.170) (6,5) (ehD
33, ehA

11) (10,2)

(346,∼1116) (3.584,1.111) (6,5) (ehD
33, ehA

11) (8,4)(9,4)(7,6)

(346,1139) (3.584,1.089) (6,5) (ehD
33, ehA

11) (9,2)

(346,1180) (3.584,1.051) (6,5) (ehD
33, ehA

11) (8,6)

(346,∼1260) (3.584,0.984) (6,5) (ehD
33, ehA

11) (9,5)(10,5)(8,7)

(346,∼1330) (3.584,0.932) (6,5) (ehD
33, ehA

11) (13,2),(9,7),(12,4)

(337,1060) (3.679,1.170) (7,5) (ehD
33, ehA

11) (10,2)

(337,∼1116) (3.679,1.111) (7,5) (ehD
33, ehA

11) (8,4)(9,4)(7,6)

(337,1139) (3.679,1.089) (7,5) (ehD
33, ehA

11) (9,2)

(337,1180) (3.679,1.051) (7,5) (ehD
33, ehA

11) (8,6)

(337,∼1260) (3.679,0.984) (7,5) (ehD
33, ehA

11) (9,5)(10,5)(8,7)

(337,∼1330) (3.679,0.932) (7,5) (ehD
33, ehA

11) (13,2),(9,7),(12,4)

dispersions can be estimated by UV-Vis absorption spectroscopy in conjunction
with Beer-Lambert law, using experimentally determined absorption co-efficient of
graphene at the desired wavelength [161, 166, 271].

9.8 Nanotube/Graphene Polymer Composites

The following subsections review generalized procedures used to prepare SWNT or
graphene polymer composites and the desirable characteristics of host matrices for
some selected applications, such as saturable absorbers (SAs).

9.8.1 Incorporation of Nanotube/Graphene in Host Polymer
Matrices

SWNTs or graphene are dispersed in appropriate solvents, generally by ultrasonic
treatment. The dispersions may initially contain aggregates or bundles, which can
then be removed by centrifugation or filtration. There is a trade-off between the
desired SWNT bundle sizes/unexfoliated graphene flakes and their concentration.



302 T. Hasan et al.

In case of water, high loading of both SWNTs and graphene may be achieved using
surfactants, making it easier to control the optical density in the resultant compos-
ites. Organic solvents, on the other hand, cannot generally disperse a high amount
of SWNTs/graphene. If allowed by the final application, nanotubes can be oxidized
[2, 476] or functionalized [260, 347] to improve dispersion and loading. This also
holds true for graphene, where functionalization dramatically improves the amount
of material that can be dispersed [332]. For SWNTs, when covalent functionaliza-
tion is not an option, different polymers are employed as dispersants, which can
also act as the host in the final composite [206, 362, 476]. Commonly used organic
solvents are o-DCB [476], chloroform [240, 338, 476], NMP [158, 159, 362] and
toluene [206]. For graphene, NMP and o-DCB are usually the common non-aqueous
solvents. After removal of aggregates or un-exfoliated material, the dispersions are
mixed with the host polymer. The same protocol is followed in organic solvents
if a different polymer is used as the dispersant. The mixtures are then drop-cast
or spin coated, depending on the final application. Free standing or substrate-bound
composites with homogeneous, submicrometer distribution of SWNTs/graphene are
then obtained by evaporating the solvent [241, 357, 359, 360, 363, 370, 371].

For SWNTs, composites with individually dispersed nanotubes may also be fab-
ricated using cellulose derivatives [299, 428]. In this instance, the dispersions are
drop-cast [299, 428]. Cellulose-based composites eliminate the need for surfactants,
as they are used both as the dispersant and host matrix [299, 428]. Individually
dispersed SWNTs can also be prepared in gelatine films [224]. SWNT-SDS disper-
sions, mixed with a gelatine aqueous solution, are sonicated at 40◦C and cast on a
substrate to dry at room temperature to obtain such composites. Gelatine undergoes
gelation at 37◦C while cooling down, thus preventing re-aggregation [224].

9.8.1.1 Alignment of Nanotubes in Composites

Alignment of SWNTs is important, due to the high anisotropic interaction of
SWNTs with light [6, 266, 387]. In aligned SWNTs, absorption is maximum when
polarization is parallel to the alignment direction [177, 179, 182, 263, 309, 357].
Various methods, in particular mechanical stretching and Langmuir-Blodgett (LB),
have been used to achieve alignment of SWNTs.

High degree of alignment within the polymer matrix can be achieved by laterally
stretching the composite [179, 224, 299, 357]. A SWNT-polytstyrene-toluene dis-
persion cast on a teflon sheet was reported to be stretchable 10 times, yielding 56%
of SWNTs aligned within ∼15◦ of the stretching axis [179]. PVA can be stretched
up to 6 times by heating at 60◦C in a humid environment [357], whereas gelatine
films may be stretched up to three times under swelling in a water-ethanol mix-
ture, and dried under constant elongation [224]. Hydroxyethylcellulose composites
can be stretched up to three times at 100◦C by adding glycerine as plasticizer [299].
Figure 9.16 shows the change of absorption of a mechanically stretched SWNT-PVA
composite for incident light with varying polarization [179, 357].

LB may also be used to fabricate self-aligned SWNTs [150, 225, 385]. A graphi-
cal illustration of the LB technique used with a SWNT aqueous dispersion is shown
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Fig. 9.13 (a) Schematic illustration of the SWNT self-assembly process. A hydrophilic glass slide
is vertically immersed in a stable dispersion of short SWNTs. With gradual evaporation of the
water, the SWNT bundles self-assemble on the glass substrate around the air/dispersion/substrate
triple line. As the triple line progress downwards, a continuous SWNT film forms on the substrate.
Figure adapted from [385]. (b) AFM images of an s-SWNT single layer on mica prepared by
vertical dipping (left) and a drop-and-dry film prepared from the same dispersion (right). The
arrow indicates the dipping direction. Adapted from Ref. [225]

in Fig. 9.13a [385]. A comparison between the AFM images of randomly oriented
and aligned SWNTs can be seen in Fig. 9.13b [225]. The nanotube self-alignment
process occurs at the air-substrate-solution triple line as the solvent gradually evap-
orates [385]. Also, in-plane compression can be used to further align the tubes
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[225]. Composites with poly(N-dodecylacrylamide) (PDDA) polymer have been
reported using the LB method, but no specific information on the degree of align-
ment was available [150]. As discussed in Section 9.3.3, LCs can also be used to
align SWNTs.

LB may also be used to fabricate graphite oxide [71] or graphene [264, 425]
composites with in-plane flake orientation or stacking.

9.8.2 Desirable Characteristics of Host Polymers

Important requirements for high efficiency photovoltaic cells include effective hole-
transport, suitable bandgap and high stability against humidity [205]. Nanotube
and graphene composites with conjugated polymers are generally used for elec-
troluminescent and photovoltaic devices [2, 205, 206, 240, 260, 333, 347, 476].
For the case of SWNTs, the use of conjugated polymers has the added advan-
tage of improved dispersion during the solution processing step. However, these
are sensitive to moisture and light [405, 406].

Thus, desirable characteristics of polymers for telecommunication applications
also include stability of the optical properties against humidity [277]. The host poly-
mer must not have high absorption losses at the device operation wavelength. These
usually arise from vibration overtones, see Table 9.2. The bonds giving higher over-
tone absorption intensities are C–H and O–H, while C–F overtones give the least
absorption [277]. As shown in Table 9.3, fluorinated polymers are the most trans-
parent polymers commercially available for telecommunication applications [277].

Polymers commonly used for optical applications are, e.g., polymethylmethacry-
late (PMMA), polystyrene (PS), polycarbonate (PC) and epoxy resins [277]. Over
the years, several new polymers have been developed, which comply with the
requirement of low optical loss and environmental stability, such as deuterated or
halogenated polyacrylates and fluorinated polyimides [277]. These have low losses

Table 9.2 Wavelengths and intensities of some important vibration overtones (Adapted from [66])

Overtone order Wavelength [nm] Intensity (relative)

C–H 1 3,390 1
C–H 2 1,729 7.2 × 10−2

C–H 3 1,176 6.8 × 10−3

C–D 3 1,541 1.6 × 10−3

C–D 4 1,174 1.3 × 10−4

C–F 5 1,626 6.4 × 10−6

C–F 6 1,361 1.9 × 10−7

C–F 7 1,171 6.4 × 10−9

C=O 3 1,836 1.2 × 10−2

C=O 4 1,382 4.3 × 10−4

C=O 5 1,113 1.8 × 10−5

O–H 2 1,438 7.2 × 10−2
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at the telecommunication wavelengths. However, their thermal stability is poor
[277]. Fluorinated polyimides have high thermal stability and low optical losses and
are, therefore, an ideal choice for telecommunication applications [277]. Polymers
should also be resistant to laser-induced damage.

Nevertheless, water-soluble polymers, such as polyvinylalcohol (PVA) and cel-
lulose derivatives, have predominantly been used for SAs due to their compatibility
with high concentration SWNT/graphene aqueous solutions [160, 344, 345, 357,
359, 360, 363, 370, 371, 411, 414, 428]. High SWNT/graphene concentration
allows to obtain the desired level of optical density, while minimizing unwanted
non-saturable absorption losses [96, 160, 358, 363, 370]. PVA has been employed
for the fabrication of freestanding films embedding both bundles and individua-
lized SWNTs for fundamental studies of saturable absorption [357, 359], and
for SWNT/graphene devices [96, 160, 344, 345, 358, 360, 363, 370, 411, 414].
Polyimides [362] and Polycarbonates (PC) [372] have been considered as alterna-
tive to PVA. In particular, PC has higher transparency and environmental stability
compared to PVA and cellulose derivatives. High SWNT loading can be obtained
in DCB using regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) as dispersant
polymer [372].

Thermal stability is an important issue for all photonic and optical applica-
tions, as polymers lose their transparency over time due to oxidation [206, 277].
This process depends on the chemical structure, as it is induced by the forma-
tion of double bonds resulting mainly from the expulsion of H-halogen molecules
[277]. Totally halogenated materials are thus the most stable due to the absence of
hydrogen [277].

9.9 Characterization of Composites

9.9.1 Optical Microscopy

Composites prepared for optical applications can be characterized using differ-
ent methods. Examination of the presence of voids, cracks, bubbles, particles,
SWNT/graphene aggregations or other physical defects is generally carried out by
optical or scanning electron microscopy. Figure 9.14 shows a set of optical micro-
scope images of SWNT composites to be used as a SA at the telecommunication
wavelength (∼1.5 μm) [359]. No significant aggregation can be resolved, indicat-
ing homogeneous dispersion. Composites of similar optical quality may also be
prepared from liquid phase exfoliated graphene [160, 411, 414].

9.9.2 UV-Vis-IR Spectrophotometry

The optical density of SWNTs/graphene in SA composites at the device operation
wavelength is an important indicator of the expected performance [358]. UV-Vis-IR
spectrophotometry can be used to determine the optical density. Figure 9.15 shows
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Fig. 9.14 Representative optical micrographs of SWNT-polymer composites from: aqueous
dispersion (a) PVA, (b) Na-CMC and non-aqueous dispersion (c) SMMA and (d) PC [160]

the absorption spectra of a SWNT-PVA film (thickness ∼80 μm), a pure PVA film
and the SWNT dispersion from which the SWNT-PVA film is prepared [371]. The
SA made from this composite is intended to operated at∼1.5 μm, where the SWNTs
in the composite exhibit strong absorption [371]. Note the shift in absorbance for
the SWNTs embedded in the host polymer compared to the dispersion. This can
be attributed to change in dielectric environment [60, 116, 452, 457] as well as
mechanical stress experienced by the SWNTs embedded in the host matrix [468].

Alignment of SWNTs in samples with same loading and thickness can be studied
using UV-Vis-IR absorption. For example, in Figure 9.16, the three major SWNT

Fig. 9.15 Absorption spectra
of SWNTs in a
PVA-LA-SWNT composite
(top) exhibits red-shift
compared to that in the
dispersion due to change in
dielectric environment and
mechanical stress
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Fig. 9.16 Change in the
absorption of aligned SWNTs
with the polarization of
incident light. Adapted from
Ref. [357]

Fig. 9.17 Absorption spectra
of a graphene-PVA composite
and a reference PVA film.
Adapted from Ref. [411]

absorption bands at 700, 1,000 and 1,800 nm decrease in intensity with increasing
polarization angle, even though the SWNT loading remains unchanged [357].

Similar observations on optical density may also be made from graphene polymer
composites. Figure 9.17 shows absorption spectrum of a graphene-PVA composite.
The flat absorption band, due to the linear dispersion of Dirac electrons in graphene
[40, 160, 311, 411], underscores the potential of graphene for wideband applications
[414].

9.9.3 Raman Spectroscopy

Raman spectroscopy is a fast, powerful and non-destructive method for charac-
terization of carbon materials [119]. A number of important information, such as
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Fig. 9.18 Typical features in
the Raman spectrum of
SWNTs, measured at 514 and
633 nm excitation on Laser
Ablation SWNTs

diameter, orientation, metallic or semiconducting character and chirality can be
obtained from the Raman spectra of SWNTs [116, 189, 190, 247, 291, 340, 341,
350, 429]. Typical features in the Raman spectra of SWNTs are shown in Fig. 9.18.
The spectra are taken from Laser Ablation (LA) SWNTs [249] in the form of
powder.

Raman spectroscopy also allows monitoring of doping, defects, strain, disorder,
chemical modifications, edges, and relative orientation of the graphene layers [26,
61, 62, 89, 90, 110, 118, 120, 122, 143, 306, 339, 340, 375, 480].

9.9.3.1 Optical Phonons in Graphene and Carbon Nanotubes

Phonons can be regarded as a perturbation of a crystal [43, 53, 111, 487]. In gen-
eral, given their dynamic nature, they should be described by the time-dependent
perturbation theory (TDPT) [42, 43, 53, 111, 487]. Within the adiabatic Born-
Oppenheimer Approximation (BOA), they are seen as static perturbations and
treated by the time-independent perturbation theory (TIPT) [42, 43, 53, 111, 487].

In materials without an electronic band-gap, like graphene, graphite and m-
SWNTs, the interaction between phonons and electrons must be taken into account
to calculate phonon energies [42, 43, 53, 111, 341]. In a metal, for certain phonons
with a wave vector connecting two points of the Fermi surface, it is possible to have
an abrupt change of the electronic screening of the atomic vibrations. This results
in a sudden softening of the phonon frequencies, which is called the Kohn Anomaly
(KA), and appears as a singularity in the dymamical matrix [217]. In graphene, the
Fermi surface consists of the two inequivalent points K and K’. Thus, KA can occur
only for phonons with q = 0 or q connecting the two Fermi points (i. e. q=K).
In graphene, a necessary condition for KA is a significant nonzero electron-phonon
coupling (EPC) between electrons near the Fermi energy for phonons at q= 0 or
q=K [340]. Due to their reduced dimensionality, m-SWNTs are expected to have
stronger KA than graphite and graphene for the corresponding phonons [340, 341].

In graphene, KAs can be observed as sharp kinks for modes E2g at � and A’1
at K [292, 340]. The E2g mode involves the in-plane bond-stretching of pairs of C
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sp2 atoms, while the A’1 corresponds to the breathing mode of carbon rings. These
two phonons are of major relevance to Raman spectroscopy of sp2 carbon materials
[120, 121, 312, 440], as the G peak originates from the E2g phonon at �, while the
D peak originates from modes around K [120, 340, 432].

In SWNTs, the E2g mode splits in two components: the longitudinal optical (LO,
polarized along the tube axis) and the transverse optical (TO, polarized along the
tube circumference) modes. In s-SWNTs, the LO-TO splitting is usually explained
in terms of curvature. Indeed, the σ-π mixing along the circumference results in a
softening of the TO mode, which accounts for both the splitting and the diameter
dependence [51, 189, 190, 338, 341]. In m-SWNTs, however, the reason for this
splitting is different: the LO mode is modified by a KA, which causes a strong
downshift of the LO frequency [247, 341].

Another important, low-frequency, optical mode of SWNTs is the so-called
Radial Breathing Mode (RBM), which arises from the radial, in phase, vibration
of all the carbon atoms in the SWNT unit cell [186, 350].

In materials without an electronic gap, the BOA is not easily justifiable, although
experience proves that in most cases this accurately reproduces the phonon disper-
sion of metals. While this approximation still holds in intrinsic graphene, it fails in
doped graphene and SWNTs [339, 341]. In these cases, phonons must be considered
as time-dependent perturbations. It can be shown that KAs occur, within the static
approach of the BOA, at q= 0 and q= 2 kF. The description of KAs is modified by
the time-dependent approach, for which KAs occur at q = ±�ωq/β and q = kF ±
�ωq/β resulting in a shift of the position of the KAs [341].

9.9.3.2 Radial Breathing Mode

RBMs are important Raman fingerprints of SWNTs. A diameter dependence of
this mode is expected [103, 165, 186, 188, 238, 280, 346, 365], with its frequency
increasing as the diameter decreases [186]:

ωRBM = C1

d
+ C2 (9.5)

Several groups have derived a variety of C1 and C2, as summarized in Table 9.4.
More recently, the literature has converged to the values of C1 = 214.4 cm−1 nm,
C2 = 18.7 cm−1 [11, 116, 297, 429]. References [11, 116, 297, 429] report tables
where for each (n,m) the corresponding RBM frequency and transition energies
are assigned. However, if we are just interested in an estimation of the band gap,
any parameter can be used, as the difference in the calculated diameter is negli-
gible. For example, let us consider two well-separated RBM frequencies (100 and
350 cm−1) and calculate the diameter using the two most different values for C1
(218 and 261) from Table 9.4. For the higher RBM frequency (i. e. lower diameters)
the calculated diameters (0.62 and 0.75 nm) differ from their average by ∼10%;
an average bandgap of ∼1.3 eV can be inferred from [200], from which the two
extremes deviate by ∼ 8%. For the lower RBM frequency (higher diameters) the
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Table 9.4 Values of C1 and
C2 proposed in the literature Authors C1 C2

Jishi et al. [186] 218
Rao et al. [350] 221
Bandow et al. [21] 223
Kürti et al. [238] 236 (armchair)

232 (zig-zag)
Jorio et al. [188] 248
Alvarez et al. [8] 238
Sánchez-Portal et al. [365] 233
Popov et al. [346] 230
Henrard et al. [165] 261 (armchair)

256 (zig-zag)
258 (averaged)

Mahan et al. [280] 227
Dobardžić et al. [103] 224.3
Bachilo et al. [17] 223.5 12.5
Milnera et al. [298] 234 10
Telg et al. [429] 214.4 18.7
Meyer et al. [297] 204 27
Araujo et al. [11] 217.8 15.7

calculated diameters (2.18 and 2.61 nm) differ from their average by ∼10%; an
average bandgap of ∼ 0.35 eV can be inferred, from which the two extremes devi-
ate by ∼ 9%. Thus the evaluation of optical absorption through the Kataura plot
[200] is not deeply affected.

Matching the diameter given by RBM with excitation wavelength in the Kataura
plot gives information on the semiconducting or metallic character. For example,
in the spectra shown in Fig. 9.18 at 514 nm the RBM is at 185 cm−1, from which
a diameter of 1.29 nm is derived. From Ref. [200] we deduce that s-SWNTs are
excited. At 633 nm, the RBM is at 193 cm−1, from which a diameter of 1.23 nm is
derived, and from Ref. [200] we deduce that m-SWNTs are excited.

If we want to probe the overall diameter distribution of a SWNT sample and
whether they are metallic or semiconducting, Raman spectra have to be taken at
as many wavelengths as possible, as a single excitation may probe only a limited
range of diameters or only semiconducting or m-SWNTs. Usually, three well sepa-
rated wavelengths, such as 514, 633 and 785 nm, can probe a wide range of tubes
within a material and are enough to get significant, albeit not fully comprehensive,
information on the diameter distribution.

9.9.3.3 D and 2D Peaks

The D peak is due to the breathing modes of sp2 rings and requires a defect for its
activation [120, 121, 340, 343, 432, 440, 446]. It comes from TO phonons around
the K point of the Brillouin zone [120, 440], is active by double resonance (DR)
[25, 432] and is strongly dispersive with excitation energy due the Kohn Anomaly at
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K [340]. The activation process for the D peak is an inter-valley process as follows:
(i) a laser induced excitation of an electron/hole pair; (ii) electron-phonon scattering
with an exchanged momentum q ∼ K; (iii) defect scattering; (iv) electron/hole
recombination. The D peak intensity is not related to the number of graphene
layers, but only to the amount of disorder [120, 440]. Indeed, when moving from
graphite to nanocrystalline graphite, the ratio between the intensity of D and G
peak, I(D)/I(G), varies inversely with the size of the crystalline grain or inter-defect
distance [58, 120, 440]. DR can also happen as intra-valley process i.e. connecting
two points belonging to the same cone around K (or K′). This gives rise to the
so-called D′ peak, which can be seen around 1,620 cm−1 in defected graphite
[312]. The 2D peak is the second order of the D peak. This is a single peak in
monolayer graphene, whereas it splits in four bands in bilayer graphene, reflecting
the evolution of the band structure [122]. The 2D′ peak is the second order of
the D′ peak. Since 2D and 2D′ originate from a Raman scattering process where
momentum conservation is obtained by the participation of two phonons with
opposite wavevectors (q and −q), they do not require the presence of defects for
their activation, and are thus always present.

Figure 9.19 plots the evolution of the 2D band as a function of the number of
layers for 514.5 and 633 nm excitations [122]. Bi-layer graphene has a much broader
and up-shifted 2D band with respect to single layer. This is also quite different from
that of bulk graphite, which consists of two components 2D1 and 2D2 [312, 446]
roughly 1/4 and 1/2 the height of the G peak, respectively. Indeed, the 2D peak in
bi-layer graphene has 4 components, 2D1B, 2D1A, 2D2A, 2D2B, 2 of which, 2D1A

and 2D2A, have higher relative intensities than the other 2. A further increase of the
number of layers leads to a significant decrease of the relative intensity of the lower
frequency 2D1 peaks. For more than 5 layers the Raman spectrum becomes hardly
distinguishable from that of bulk graphite [440]. On the other hand the shape of the
G peak does not change with the number of layers.

Fig. 9.19 Evolution of the
2D band in Raman spectra of
graphene and few layer
graphene at (a) 514.5 and
(b) 632.8 nm with the number
of layers. Adapted from
Ref. [122]
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9.9.3.4 G Peak

The G peak corresponds to the E2g phonon at the Brillouin zone centre of graphene
[120, 440]. The Raman spectrum of SWNTs is characterized by the presence of two
distinct features around 1,550 cm−1: the G+ and G− peaks. These arise from the
splitting of the doubly degenerate, Raman-active E2 g mode of graphene [120, 440].
The G− peak position decreases with diameter, while the G+ is almost diameter
independent [190]. While in s-SWNT both peaks appear as sharp Lorentzians, the
G− peak of metallic SWNTs is very broad and its position is strongly downshifted
with respect to that in s-SWNTs of the same diameter (Fig. 9.18) [51, 189, 190, 291,
338, 429].

The G+ and G− peaks originate from the LO and TO modes, which are polarized
along the tube axis and along the tube circumference, respectively (Fig. 9.20) [341].
In s-SWNTs, the G+ peak is assigned to the LO mode, while the G− is assigned
to the TO [51, 189, 190, 338, 341]. In m-SWNTs, however, the assignment is the
opposite: the LO mode is affected by KA, which causes a strong downshift of its
frequency [247, 341]. Thus the G+ peak is due to the TO mode, while the G− arises
from the LO (Fig. 9.20) [247, 341].

9.9.4 PL Spectroscopy

PL spectroscopy can be used to determine the presence of isolated SWNTs or small
bundles in the composites [224, 299]. Figure 9.21 shows the polarized PL signal
from a mechanically stretched SWNT-SDS-gelatine film excited by depolarized
662 nm light, indicating isolated (8,3), (7,5), (7,6), (9,5) tubes or small bundles
[224].

9.9.5 Z-Scan

Z-scan experiments probe the optical nonlinearities associated with the change in
refraction and absorption coefficient induced by intense laser power. The sample is
moved along the waist of a Gaussian beam as shown in Fig. 9.22a. This results in
a variation of the laser power density on the sample, reaching its maximum at the
focal point. An analysis of the transmitted beam through the sample as a function
of sample position, Z, is done in either the open and close aperture scheme [383,
444]. Open aperture Z-scan is used for the investigation of processes associated with
nonlinear absorption, while close aperture Z-scan is used to investigate nonlinear
refraction [444].

Samples containing SWNTs can be investigated by Z-scan in order to understand
the mechanisms of optical limiting [322, 450] and saturable absorption [278, 357,
359, 363, 427]. A typical Z-scan trace for a SWNT-polymer composite, taken in near
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Fig. 9.20 Schematic
representation of the G mode
for m- and s-SWNTs.
Adapted from Ref. [341]

resonant conditions, is shown in Fig. 9.22b. Here, SWNTs show strong saturable
absorption, with about 30% increase in transmission when the sample passes the
focal point.

9.9.6 Pump-Probe Spectroscopy

Pump-probe spectroscopy is widely in use to characterize response time of SAs
[212]. The material is irradiated by a pump pulse, yielding a carrier excitation. Then,



316 T. Hasan et al.

Fig. 9.21 Polarized
photoluminescence from
a stretch-aligned
SWNT/SDS/gelatin dried
film (draw ratio=3) excited
by depolarized 662 nm light.
Adapted from [224]

Fig. 9.22 (a) Z-scan setup.
L: laser, A: attenuator, D:
photodetector. (b) Z-scan
measurement of a
SWNT-PVA composite

after a short time, controlled by an optical delay line, the sample is irradiated by a
probe pulse. By studying the transmittance or reflectance of the probe pulse it is
possible to obtain information on the excitation decay (SA recovery time) caused
by the pump pulse. SWNTs have an intrinsic bitemporal response, including a fast
component and a slow component, which are due to different time-scale relaxation
processes (interband and intraband, respectively) [215, 329]. Graphene also exhibit
an ultrafast bitemporal relaxation process. This is further discussed in Section 9.12.
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9.10 Nanotube/Graphene-Composites for Photonics
and Optoelectronics

The desirable characteristics of the host polymer matrix for optical applications vary
depending on the type of applications. The most important requirement is the com-
patibility with SWNTs/graphene and solvents so that a homogeneous dispersion of
SWNTs/graphene in the composite can be achieved. It is also essential to reduce
scattering losses in such applications, which generally arise from aggregates or par-
ticles, cracks, bubbles or voids inside the composite [277]. The optical applications
so far demonstrated using SWNT/graphene-polymer composites are SA for optical
signal regeneration and passive mode-locking [29, 96, 130, 160, 161, 209, 210, 220,
344, 345, 358, 360, 363, 370, 372, 380, 411, 413, 415, 416, 453–455, 479] elec-
troluminescence [206, 476], and photovoltaic applications [2, 205, 206, 240, 241,
260, 347, 469, 476]. Significant progresses have also been made in using percolating
SWNT and graphene networks and their composites as transparent, flexible conduc-
tors [40, 99, 123, 149, 221, 331, 469, 470, 472]. In addition, such composites could
be used as optical modulators under strong electric field [216, 334, 493].

9.10.1 Graphene/Nanotube Networks as Transparent Conductors

Optoelectronic devices such as displays, touch-screens, light emitting diodes and
solar cells require materials with low sheet resistance Rs and high transparency
(T). The majority of flexible transparent optoelectronic devices utilizes Indium Thin
Oxide (ITO) as transparent conductive (TC) material. ITO suffers from severe lim-
itations: an ever-increasing cost due to indium scarcity [153], brittleness [154],
difficulties in patterning [145, 153] and a sensitivity to both acidic and basic envi-
ronments [154]. This demands new TC materials with improved performance. Metal
grids [250], metallic nanowires [95], or other metal oxides [145] have been explored
as alternative. SWNTs [136, 149, 373, 472, 497] and graphene [18, 40] also show
great promise.

Rs and T need to be considered linked to analyze data for TC films. Both are
determined by the response of electrons to either dynamic (light) or static (voltage)
electric fields. Rs is ultimately controlled by the “dc” conductivity, σdc, via

Rs = (σdct)−1 (9.6)

where t is the film thickness.
T depends on the optical conductivity G0,

T =
(

1+ G0

2ε0c
t

)−2

, (9.7)
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Combining Eqs. (9.6, 9.7), eliminating t, gives:

T =
[

1+ Z0

2Rs

G0

σdc

]−2

(9.8)

where, Z0 = 1
ε0c = 377� is the free space impedance.

For instance, in graphene [135] we can take σdc= nμe, where n is the number
of charge carriers. Note that for n∼0, σdc does not go to zero, but assumes a con-
stant value [135] σdc,min ∼ 4e2/h, resulting in Rs ∼ 6 k� for an ideal intrinsic SLG
with T ∼ 97.7%. Thus, ideal intrinsic monolayer graphene, would beat the best ITO
only in terms of T, not Rs. However, real samples deposited on substrates, or in
thin films, or embedded in polymers are never intrinsic. Usual exfoliated monolayer
graphene has n≥ 1012 cm−2, and much smaller Rs. The range of T and Rs that can
be realistically achieved for graphene layers of varying thickness can be estimated
taking n= 1012–1013 cm−2 and μ= 103−2×104 cm2/Vs, as typical for chemical
vapor deposition (CVD) grown films. For instance, taking n= 3.4× 1012 cm−2

and μ= 2×104 cm2/Vs, typical for CVD grown films, it would be possible to get
T= 90% and Rs≤ 20��−1.

Ultrathin SWNT/graphene films as transparent conductors are usually prepared
on membranes by filtering SWNT/graphene dispersions and then transferring the
resultant film from the membrane surface to the substrates (e.g. polymer, glass etc)
[149, 472, 497] or directly spray coating the dispersions on substrates [373], or via
roll-to-roll processing [18]. In such preparation methods, SWNTs are not incorpo-
rated in the polymer matrix, but are deposited on the substrate surface. Therefore,
they are not truly composites. On the other hand, transparent and conducting SWNT-
polymer composites, which are much easier to implement, have been prepared [99,
123, 221, 331, 490]. Inkjet printing of SWNT-polymer dispersions on flexible sub-
strates has been demonstrated to yield conducting layers of percolating SWNTs
with T up to ∼80% in the visible range [392]. Nevertheless, the conductivity and
transparency of SWNT-polymer composites do not match those of SWNT only
networks. It is possible to lower the resistivity of SWNT-polymer composites by
functionalization [99, 123, 490]. Reference [99] reported an increase in electrical
conductivity by a factor of 5 by doping the SWNTs with SOCl2 while retaining
good optical transparency. At 0.1 wt% loading, the authors achieved 92.4% trans-
mittance at 500 nm with an electrical conductivity of 290 �.cm for a 20 μm film.
By comparison, Ref. [472] reported a 50 nm thick two dimensional SWNT network
with 1.5 × 10−4 �.cm resistivity and ca. 75% transmittance at 500 nm.

The length of SWNTs is an important factor for conductivity enhancement
of SWNT networks [164]. In addition, good dispersion of SWNTs without sur-
factants is key to improve SWNT-polymer conducting composites, as surfactants
isolate tubes from the surrounding environment, resulting in poor inter-tube con-
nection. An approach to solve this problem is in-situ polymerization during the
sonication process, as demonstrated by Ref. [331]. With 0.1% vol. SWNT load-
ing, ca. 70% transmittance at 500 nm for 34 μm films with a conductivity
of 1 × 10−8 S.cm−1 was achieved. Flexible, transparent and conducting thin
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SWNT-poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) composites with
high optical uniformity having DC conductivities of >105 S/m were demonstrated
[92]. For a 80 nm SWNT-composite film, a transmittance (at 550 nm) of 75% and
sheet resistance of 80 ��−1 was achieved. Further improvement might be possi-
ble using enriched long m-SWNTs, or chemically doped graphene [18, 40]. Indeed,
chemical doping is a key strategy to improve performance both for SWNTs [136]
and graphene [18, 37] TCs. In the latter case, Ref. [37] prepared graphene-based TC
films, starting from graphene produced by micromechanical cleavage (MC), with
T∼98%, Rs = 400 ��−1, exploiting a layer of polyvinyl alcohol (PVA) to induce
n-type doping. Ref. [18] achieved Rs ∼ 30 ��−1, T∼ 90% by nitric acid treatment
of graphene-based TC films derived from CVD grown flakes, one order of magni-
tude lower in terms of Rs than previous graphene-based TC films from wet transfer
of CVD films [223].

It is important to note that graphene-based TC films derived from CVD grown
flakes, combined with doping, have the potential to outperform ITO and other trans-
parent conductive materials. On the other hand, graphene-based TC films produced
by other methods, such as LPE, albeit presently with higher Rs at T=90%, have
already been tested in organic light emitters [290, 470] and solar cells [269, 459].
These are a cheaper and easier scalable alternative to MC or CVD films, and need
be considered in applications where cost reduction is the key factor.

9.10.2 Electroluminescent and Photovoltaic Devices

Photo-induced electron transfer between semiconducting conjugated polymers and
SWNTs has attracted significant attention in recent years. Electroluminescence is
a phenomenon in which a material emits light in response to an applied electric
field. Studies of the electroluminescent properties of SWNT-polymer composites
have also been carried out [206, 476]. Poly(3-hexyl-thiophene) (P3HT), with a
bandgap of 1.8–2.1 eV has been the most widely used polymer for such appli-
cations, because of its high mobility and environmental stability [206, 333, 476].
Electroluminescence has been reported mainly from s-SWNT devices, with an emis-
sion peak in the NIR assigned to a radiative decay over the first interband transition
of the π bands at the K point [300]. Electroluminescence was also observed from
biased m-SWNTs [112, 282], MWNTs [112] and graphene [112]. Reference [112]
assigned such light emission to phonon-assisted radiative decay from π∗ states at
the M point to the Fermi level at the K point.

Graphene has a work function of 4.5 eV, similar to ITO. This, combined with
its promise as flexible and cheap transparent conductor, makes it an ideal candi-
date as organic light-emitting diode (OLED) anode. Graphene-based transparent
conductor film (GTCFs) anodes enable out-coupling efficiency comparable to ITO
[470]. Chemically derived graphene was also implemented as transparent cathode
in a metal-free and solution-processed light-emitting electrochemical cell [290].

A photovoltaic (PV) device converts light to electricity [68]. VOC is the maxi-
mum open circuit voltage, while ISC is the maximum short circuit current. The fill
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factor (FF) is defined as: FF= (Vmax × Imax)/(VOC × ISC), where Imax and Vmax are
maximum current and voltage. The energy conversion efficiency is η=Pmax/Pinc,
where Pmax = VOC × ISC × FF and Pinc is the incident power. The fraction of
absorbed photons converted to current defines the internal photocurrent efficiency
(IPCE).

SWNTs and graphene have been proposed as promising materials in organic
[35, 460] and dye sensitized solar cells (DSSCs) [434]. Indeed, both SWNTs
and graphene can fulfill multiple functions in photovoltaic devices: (1) transpar-
ent conductor window, (2) photoactive material, (3) channel for charge transport,
(4) catalyst [40]. SWNTs and GTCFs are used as window electrodes both in
organic and DSSC devices [40]. Organic solar cells based on SWNTs-polymer
composites have also been demonstrated, due to the excellent electron transfer
with poly(p-phenylene vinylene) (PPV) [2], poly(2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene)(MEHPPV) [205], P3HT [260, 347], poly(3-ocylthiophene-
2,5-diyl) (P3OT) [205, 240] as the host.

Photoinduced electron transfer in bulk heterojunctions of MEH-PPV/C60 and
β-carotene/C60 was reported more than 20 years ago [366], with fullerenes used
as acceptors. Combining both these ideas, using C60 as electron acceptor and the
high mobility of SWNTs, C60-SWNT-P3HT composites have been reported with
up to ∼390 mV open circuit voltage and 2.7 mA/cm−2 short circuit current density
[260]. Chemically modified graphene dispersions were also used in bulk hetero-
junction PV devices, as electron-acceptors with poly(3-hexylthiophene) and poly(3-
octylthiophene) as donors, achieving η ∼ 1.4% [269]. Reference [485] claims that
η > 12% should be possible with graphene as photoactive material.

SWNTs and graphene can cover an even larger number of functions in DSSCs.
Indeed, other than as TC windows at the photoanode [459], SWNTs and graphene
can be incorporated into the nanostructured TiO2 photoanode, through which the
photoelectrons generated from dye molecules are transported to the anodes [146].
A recombination reaction (i.e. reverse charge transfer from TiO2 to the dye or redox
couple) reduces the overall cell efficiency [314, 410, 483]. One way to promote
charge transfer, reducing recombination, is to incorporate a conductive network into
TiO2. In this context, SWNTs and graphene show potential not only because of
their extremely high carrier mobility, but also because of their unique one and two
dimensional structures.

Reference [52] used a SWNT network as scaffolds of dye-sensitized TiO2
nanoparticles to promote charge transport in mesoscopic semiconductor films. The
authors demonstrated that, although the SWNT network in the film has no notice-
able influence on the charge injection process from the excited Ru(II) trisbipyridyl
complex into TiO2 particles, it plays an important role in improving the charge sepa-
ration, as the rate of back electron transfer between the oxidized sensitizer (Ru(III))
and the injected electrons becomes slower in the presence of the SWNTs scaf-
fold [52]. Reference [483] used graphene as TiO2 bridge, achieving faster electron
transport and lower recombination, leading to η ∼ 6.97%, higher than conventional
nanocrystalline TiO2 photoanodes [481, 483].
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Another option in DSSCs is to use SWNTs and graphene at the counter elec-
trode (CE). Regeneration of dye molecules is accomplished by capturing electrons
from a liquid electrolyte (Iodide/Iodine solution), sandwiched on the CE, which cat-
alyzes the reduction of tri-iodide [328]. Another important function of the counter
electrode is the back-transfer of the electrons arriving from the external circuit to
the redox system [328]. The most important requirements for the counter electrode
material are a high exchange current density and a low charge-transfer resistance [9].
Currently, DSSC cathodes are made of Platinum (Pt) layers deposited on transparent
glass, in turn, coated by a TC such as ITO [145]. ITO suffers many limitation listed
above, while Pt is rare and expensive. Furthermore Pt tends to degrade over time
when in contact with an iodide/iodine liquid electrolyte, reducing the overall effi-
ciency of DSSCs [232]. Strong efforts have been directed towards the replacement
of such elements with low-cost and more versatile materials. The use of SWNTs
and graphene at the CE of DSSCs is attractive for several reasons, such as high
specific surface area, good catalytic properties, electronic conductivity, corrosion
resistance towards iodine, high reactivity, abundance, and low cost. Thus, SWNTs
and graphene films and/or composites are good candidates as CE material in DSSCs
[173, 417, 434].

Reference [434] demonstrated that ozone-treated SWNTs films increase their cat-
alytic activity due to the introduction of defects. Graphene has also great potential.
Semi-transparent graphene thin films on FTO were reported with high electro-
catalytic activity toward Iodide/Iodine redox couple [202]. An hybrid poly(3,4-
ethylenedioxythiophene (PEDOT):poly-(styrenesulfonate) (PSS)/GO composite
was used as counter electrode, getting η = 4.5%, comparable to 6.3%, for a Pt
counter electrode tested under the same conditions [173], but achieved with a
cheaper material.

9.10.3 Saturable Absorbers (SAs)

9.10.3.1 Nanotube Based SAs

A material’s response to an electric field can be described in terms of polariza-
tion, defined as the dipole moment per unit volume. The relationship between
polarization and electric field is [45]:

P = ε0χE (9.9)

where χ is the dielectric susceptibility [45]. For very high electric fields Eq. (9.9)
is no longer sufficient to describe the behavior of some materials. In this case
polarization can be expressed as a power series in the electric field [45]

P = ε0(χ1E + χ2E2 + χ3E3 + ...) (9.10)

where χ1 is the linear susceptibility and χ2 and χ3 are the second- and third-
order nonlinear susceptibilities. These are responsible for phenomena such as
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difference frequency generations, optical parametric oscillation, self-focusing, sat-
urable absorption, two-photon absorption etc. [45].

Strong nonlinear optical effects have been demonstrated in SWNTs [76, 286,
357, 359, 363, 427]. The very high density of states at the van Hove singularities
allows strong optical absorption if the frequency of the incident electromagnetic
field matches their energy spacing. As strong absorption occurs, the excited energy
levels fill up and the material becomes transparent to higher power irradiation. This
saturable absorption, to a first approximation, can be described as [45]:

α(I) = α0

1+ I(t)/Isat
+ αns, (9.11)

where α0 is the linear optical absorption; I(t) is the laser intensity; Isat is the sat-
uration intensity, defined by Eq. (9.11) as the intensity necessary to reduce the
absorption coefficient to half of the initial value; αns is the nonsaturable absorp-
tion component [45]. The dynamic response of nonlinear absorption is specified by
the recovery time (τA), defined as the time necessary to reduce the carriers by a fac-
tor of 1/e, and shows how fast is the relaxation to the ground state, after excitation
[211]. The modulation depth is defined as the maximum possible absorption change
between low power and high power irradiation [211].

Reference [76] firstly measured saturable absorption in SWNTs at 1.55 μm by
pump-probe spectroscopy, showing a sub-picosecond relaxation of excited carri-
ers. They reported χ3 ∼ 10−10 esu (1 esu= 1.11 × 10−9m2/V2 [45]), due to the
non-resonant condition. A much higher χ3 value of 10−7 esu, was achieved under
resonant condition in Ref. [427], with a recovery time of about 600 fs. Saturable
absorption can be further enhanced if SWNT are highly oriented along the light
polarization direction, because of the anisotropy of their interaction with light
[357].

SWNTs have a number of benefits compared to other SA materials, such as
organic dyes, color filter glasses [367], dye-doped solids [139] and semiconduc-
tors [213, 215]. Since the SWNT absorption depends on the diameter, this can be
fine tuned across the visible and infrared spectral range. This could allow a num-
ber of ultrafast optoelectronic applications in medicine, sensing, telecommunication
and materials processing. SWNT based SAs have a high laser damage threshold,
excellent environmental stability and are much easier and cheaper to assemble [357,
371].

As an example, for telecommunications at 1.55 μm, the SWNTs should have a
maximum absorption around this wavelength. In laser ablation grown SWNT, diam-
eter control can be achieved by varying the temperature in the laser oven, as shown
in Fig. 9.23. Figure 9.24 plots the Raman spectra from SWNTs with absorption
peak centered at 1.55 μm. From the radial breathing modes, a diameter distribution
of 1–1.3 nm can be deduced [116, 429]. Therefore, the SWNTs grown at 1,000◦C in
Fig. 9.23 are more suitable for 1.55 μm operation than the other SWNTs presented
in Fig. 9.25.
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Fig. 9.23 Tuning LA-SWNT
diameter by growth
parameters; the absorbance
reflects the change in SWNT
diameter with the growth
temperature

Fig. 9.24 Raman spectra of
LA-SWNTs grown at
1,000◦C (See Fig. 9.23)

Fig. 9.25 Absorption spectra
of SWNTs produced by
different growth methods.
The nanotubes are dispersed
in D2O with SDBS
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In addition to strong optical absorption at the wavelength of interest, an ideal
SWNT-polymer SAs should have a large modulation depth, small non-saturable loss
[357] and ultra-fast recovery time [451]. The modulation depth is generally tuned by
changing the concentration of dispersed SWNTs in the polymer matrix. It can also
be increased by aligning tubes in the polymer matrix [357], as discussed in Section
9.8.1.1. The non-saturable losses can be minimized by preparing composites free
from defects (e.g. cracks, voids etc.) or SWNT aggregates, using host polymers
that are transparent at the device operation wavelength. However, bundles could
be beneficial in SWNT-based SAs, since they allow to achieve a shorter recovery
time. However bundle-sizes must be smaller than the device operation wavelength to
avoid non-saturable losses due to scattering [39, 357]. It is thus important to properly
characterize both SWNT solutions and composites, as discussed in Sections 9.7
and 9.9.

In earlier implementations of SWNTs as SAs, SWNTs were spray-coated on
quartz substrates [381] or used in dispersion [181]. Direct synthesis of highly puri-
fied SWNT thin films on fibre-ends was also proposed [477]. However, high losses
were reported due to the residual presence of large aggregates as well as catalyst
particles [379, 477], or due the formation of bubbles when SWNT dispersions were
used [181, 379, 477]. In addition, the device fabrication methods were time consum-
ing and had low throughput [479]. The best way to overcome such disadvantages is
to disperse SWNTs in a polymer matrix [96, 181, 358, 360, 363, 370, 371, 380, 428,
477].

9.11 Nanotube Composites as Mode Lockers for Ultrafast Lasers

The most successful application of SWNT-based SAs demonstrated thus far is as
mode-lockers for ultrashort pulse lasers and noise suppression filters. The use of
SAs as a mode-lockers to generate ultrashort pulses was first proposed shortly after
the invention of laser itself [97, 393]. Various optical materials, such as organic
dyes, color filter glasses [367], dye-doped solids [139] and semiconductors [213,
215] have so far been used for this purpose. However, it was challenging to achieve
stable mode-locking operation with these conventional SAs [213, 215, 325]. The
advances in molecular beam epitaxial (MBE) growth of semiconductor quantum
wells (SQW) at the end of the 80s resulted in production of new semiconductor
heterostructures with SA properties useful for photonics applications [215, 451].
Because of the SQW normally growth on high reflectivity mirrors (e.g. semiconduc-
tor Bragg mirrors), these structures are widely known as Semiconductor Saturable
Absorber Mirrors(SESAMs) [215]. SESAMs typically are complex multi quantum
well heterostructures, which are usually grown by expensive molecular beam epi-
taxy, and often undergo heavy-ion implantation to create defects, in order to reduce
the recovery time [214, 277]. Moreover, they can only cover a narrow wavelength
operation range [325]. On the other hand, SWNTs are cheap to produce, and dif-
ferent parameters can be well-controlled, such as modulation depth and operation
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wavelength range, as discussed above. SWNT composites are also mechanically
robust and environmentally stable. SAs based on SWNTs have thus the potential to
compete with traditional SESAMs [29, 96, 129, 160, 209, 210, 358, 360, 363, 370,
372, 413, 415, 416, 453–455, 479].

To date, SWNT-based SAs have been successfully used as mode-lockers in fibre
lasers [160, 208–210, 220, 358, 360, 363, 370, 372, 380, 413, 415, 416, 453–455],
waveguide lasers [29, 96], solid-state lasers [125, 376], and semiconductor lasers
[396], at 0.8 [219], 1 [210], 1.1 [208], 1.3 [401], 1.55 [160, 413, 416, 453–455,
478], 1.6 [415, 478] and 2 μm [394]. Wavelength-tunable lasers using SWNTs,
were demonstrated in Ref. [454] and later in Refs. [115, 219, 377, 378]. So far, the
shortest reported pulse duration is 68 fs [376]. A repetition rate of 17.2 GHz was
demonstrated [396]. The maximum output power reported to date is 1.6 W [416].

A large range of host polymers, e.g. polycarbonate (PC) [29, 372, 454], polyvinyl
alcohol (PVA) [208–210, 413, 415, 416, 453, 455], Carboxymethyl cellulose,
Polyimide (PI), Polydimethylsiloxane (PDMS), Polymethyl methacrylate (PMMA),
poly(3-hexylthiophene) (P3HT) and poly(9,9-dioctyfluoreny1-2,7-diyl) (PFO) have
been used [160]. Different SWNT growth technologies, e.g. laser ablation (LA),
CoMoCAT, HiPCO, arc discharge (AD), chemical vapor deposition (CVD), cat-
alytic CO disproportionation reaction [160], producing different mean diameter
and diameter distribution, have been employed for mode-locking at different
wavelengths.

Since ∼1.55 μm is the most attractive wavelength for telecommunications, sig-
nificant effort has been devoted to optimize SWNT-polymer SAs for mode-locking
of Erbium-doped fiber lasers at this wavelength [160, 372, 413, 416, 453–455].
∼123 fs pulses were reported with a repetition rate of ∼18 MHz [413]. Mode-
locking in an active waveguide laser was reported, with transform-limited 1.6 ps
[96], and 320 fs pulses [29].

To realize various functions, different configurations of SAs using SWNTs were
proposed, such as evanescent field interaction in a tapered fibre [395], in a D-shaped
optical fibre [398, 399], and with vertically aligned SWNTs [397]. Incorporating
SWNT polymer composites into the evanescent field of the fibre taper [220] and
polymer fiber [442] was also proposed. Thus far, the most common way to inte-
grate SWNTs-devices into fiber lasers is to sandwich a SWNT polymer composite
film between two fiber connectors, offering ease of integration into various light-
wave systems with the flexibility of polymer photonics [160, 360, 363, 370, 372,
378, 413, 416, 453–455]. Figure 9.26a is a photograph of a FC/PC fibre patchcord
with a SWNT-PVA film incorporated into it. A typical mode-locked fibre laser setup
is schematized in Fig. 9.26b. The laser cavity is constructed using a mode-locker,
a coupler, a fibre polarization controller (PC), an isolator (ISO), an Erbium-doped
fiber (EDF), and a wavelength division multiplexer (WDM) [160]. The optical iso-
lator ensures unidirectional light propagation. To improve the output pulse stability,
a polarization controller is used, consisting of 2 spools of single-mode fiber acting
as retarders. The total retardation induced by the polarization controller is a function
of the fiber geometry in the spool [3]. One port of the coupler is used for a feedback
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Fig. 9.26 (a) Fiber connector with SWNT-PVA film; (b) EDF laser with SWNT-mode-locker

into the cavity, while the other serves to study the cavity repetition rate, autocorre-
lation trace, pulse spectrum and output power [160]. The EDF is pumped by a diode
laser at 960 nm to provide gain for lasing [160]. This results in the excitation of the
Er3+ to its high-energy states, followed by a non-radiative recombination to lower-
energy excited states. The subsequent radiative recombination from these levels to
ground state gives an emission around ∼1.5 μm [3]. The laser feedback is created
using the optical fibre coupler to obtain gain [360]. The laser beam returns to the
EDFA through a wavelength division multiplexer, which combines light at 1,529
and 960 nm in a single fibre. Thus, the stored pumping energy of the low-energy
excited state is used to amplify the signal through stimulated emission. When the
gain exceeds the loss induced by the intracavity components, the laser generation
starts.

The mechanism of pulse formation can be understood as follows [211]. The SA
works as a loss modulator when a short pulse circulates in the cavity (Fig. 9.27a).
The peak intensity saturates the absorber more than the low intensity pulse wings.
This produces an amplitude loss modulation with a frequency proportional to the
cavity round trip time. The pulse circulation in the cavity gives enough gain to
overcome the losses induced by the absorber. As a result, the net gain window has
duration equal to the absorber recovery time [211]. The initial pulse formation can
start from noise fluctuations in the laser cavity, when a high intensity spike sig-
nificantly decreases its losses passing through the SA. It should be noted that it
is possible to achieve pulses significantly shorter than the SA recovery time, see
Fig. 9.27b [199]. In this case, soliton pulses form in the cavity as a balance between
negative group velocity dispersion and self-phase-modulation [199]. Thus, the SA

Fig. 9.27 Mode-locking
mechanisms: (a) saturable
absorber, (b) soliton
mode-locking [360]
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acts as a loss mechanism for starting the pulse formation and later on stabilizes the
pulses [199].

To achieve pulse generation from the continuous-wave (CW) regime, a pig-tailed
SWNT-PVA mode-locker can be placed in the cavity (Fig. 9.26b) [160]. This gives
stable mode-locking with a fundamental repetition rate fr. This can be estimated
as fr = c/(nL), where c the velocity of light in vacuum, n the average refractive
index of the cavity (n ≈ 1.5 in the case of a common single mode-fiber based
cavity), and L is the cavity length. Figure 9.28a plots the output pulse spectra of
wavelength-tunable pulses mode-locked by SWNTs [454]. Typical soliton side-
bands were observed for the laser cavity without the intracavity filter. These can
usually be attributed to perturbation of pulses propagating in the cavity, caused
by paths with different dispersions as well as output coupling loss [3]. Soliton
pulses lose part of their energy passing through different passive cavity components
(e.g. output coupler), but then regain it in EDF during the cavity round trip. The

Fig. 9.28
Wavelength-tunable pulses
mode-locked by nanotubes.
(a) output optical pulse
spectra, (b) output
autocorrelation traces [454]
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soliton adjusts to these perturbations by forming dispersive waves, which appear
as sidebands [3]. The pulse width can be measured using second harmonic gen-
eration (SHG) auto-correlation [435]. The pulses in Fig. 9.28b are fitted with a
sech2 autocorrelation function, with a full width at half maximum (FWHM) of
∼ 3.68 ps. To get the pulse width, the autocorrelation width needs to be divided
by the decorrelation factor for sech2 (1.54) [435], giving an average pulse duration
of ∼2.39 ps.

9.12 Graphene for Ultrafast Photonics

Various graphene based photonic and optoelectronic devices, from solar cells [269,
459] and light-emitting devices to touch screens [290, 470] and photo-detectors
[473], have already been demonstrated.

In graphene, interband excitation by ultrafast optical pulses produces a non-
equilibrium carrier population in the valence and conduction bands, Fig. 9.29a.
Time-resolved experiments give two typical relaxation timescales: a faster one
≤100 fs, usually associated with carrier-carrier intraband collisions and phonon
emission, and a slower one, on a ps timescale, which corresponds to interband
recombination and cooling of hot phonons [40, 49, 91, 411]. In addition, the lin-
ear dispersion of the Dirac electrons [40, 160, 311, 411] in graphene implies that for
any excitation, there is always an electron-hole pair in resonance. Thus graphene
is an ideal ultrafast wideband saturable absorber for ultrafast pulse generation.
After the first demonstration of ultrafast pulse generation using graphene [160], a
variety of ultrafast lasers mode-locked by graphene have been reported [40, 160,
288, 344, 400, 411, 414, 492]. Reference [411] explained the fundamentals of the
photo-excited carrier dynamics in graphene saturable absorbers (GSAs), in good
agreement with experimental results.

Different fabrication strategies, e.g. liquid phase exfoliation [160, 161, 288, 344,
411, 414], CVD [491], reduced GO [400], carbon segregation from silicon carbide
[445], and micro-mechanical cleavage [40, 67], have been used to fabricate GSAs.
A widely used method involves wet chemistry processing of graphene-polymer
composites, as discussed in the previous sections.

Saturable absorbers using functionalized graphene (e.g. graphene oxide) have
also been demonstrated for mode-locking [40]. Mode-locking of fiber [40, 160, 161,
288, 344, 400, 411, 414, 491] and solid-state [412, 424] lasers have been demon-
strated with GSAs. Reference [344] reported sub-200 fs pulse generation using a
GSA-based stretched-pulse cavity design. High output power (>1 W) has also been
reported [412].

Unlike nanotubes, GSAs are intrinsically ultrawideband (Fig. 9.29b) [40, 160,
161, 411, 414]. GSAs have successfully been used to mode-lock lasers at 1
[424], and 1.5 μm [40, 160, 161, 344, 411, 414]. Recently, we demonstrated a
widely tunable fiber laser mode-locked with a GSA (Fig. 9.29c) [40, 414]. It can
produce picosecond pulses (Fig. 9.29d) in a tuning range of 1,525–1,559 nm
(Fig. 9.29c), only limited by the filter used inside the cavity [40, 414]. In addition
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Fig. 9.29 Graphene based saturable absorbers: (a) Schematic of photo-excited electron kinetics
in graphene, with possible relaxation mechanisms for the non-equilibrium electron population,
(b) wideband saturable absorption of graphene, (c) output spectrum and (d) pulse duration
measurements of wide-band tunable pulses mode-locked with graphene [411, 414]

to mode-locking, GSAs have also been used in Q-switching, for both wavelength-
tunable [345] and dual-wavelength [274] lasers. These demonstrations underscore
the potential of graphene for wideband ultrafast lasers, in principle, covering
ultraviolet to THz spectral range [40, 311, 411].

9.13 Conclusions

Both nanotube and graphene are very promising for near term optoelectronic appli-
cations. Research on SWNT based optoelectronics, in particular ultrafast pulse
generation, has soared over the past few years. This is primarily because of their
optoelectronic properties and ease of device fabrication. In this chapter, we pre-
sented an overview of their polymer composites, starting from solution processing of
the raw nanotubes, their sorting, characterization and incorporation into polymers,
device fabrication and testing. We have also discussed some of the main applica-
tions, with particular focus on saturable absorbers for ultrafast lasers. Graphene has
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also emerged as a strong competitor of SWNTs in the field of photonics and opto-
electronics. We thus concluded this chapter with a discussion on graphene based
devices for ultra wideband photonic and optoelectronic applications.
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