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Nanotube–Polymer Composites for Ultrafast Photonics
By Tawfique Hasan, Zhipei Sun, Fengqiu Wang, Francesco Bonaccorso,

Ping Heng Tan, Aleksey G. Rozhin, and Andrea C. Ferrari*
Polymer composites are one of the most attractive near-termmeans to exploit

the unique properties of carbon nanotubes and graphene. This is particularly

true for composites aimed at electronics and photonics, where a number of

promising applications have already been demonstrated. One such example

is nanotube-based saturable absorbers. These can be used as all-optical

switches, optical amplifier noise suppressors, or mode-lockers to generate

ultrashort laser pulses. Here, we review various aspects of fabrication,

characterization, device implementation and operation of nanotube-polymer

composites to be used in photonic applications. We also summarize recent

results on graphene-based saturable absorbers for ultrafast lasers.
1. Introduction
Fundamental science plays a crucial role in underpinning and
generating future technologies. The ability to manipulate the
structure and composition at the nanoscale opens new horizons
and huge opportunities to create novel materials with superior
performance. The introduction of a wide range of new functional
materials encompassing polymers, advanced liquid crystals, and
nanostructures, including carbon nanotubes (CNTs), nanowires
(NWs), and graphene, will have disruptive impact on a variety of
devices based on conventional inorganic semiconductors, not
only because of cost/performance advantages, but also because
they can be manufactured in more flexible ways, suitable for a
growing range of applications.

The demand in optical networking for photonic components
that meet performance criteria as well as economic requirements
opens the door to novel technologies capable of high-yield,
low-cost manufacturing, while delivering high performance
and enabling unique functions.[1–3] An optical communication
system requires light sources and detectors, but many additional
components make up modern transmission networks. Until the
end of the 1980s, these, including beam splitters, multiplexers,
and switches, consisted of bulk optics, such as lenses and prisms.
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These, however, are inconvenient to handle,
highly sensitive tomisalignment, and prone
to instability. All of these problems are
avoided in integrated optics systems,[2,4]

which combine miniaturised optical com-
ponents and waveguides in a highly con-
densed chip-based device. Their compact,
planar layout has advantages over bulk
optics, as they permit the reduction of
complex multifunction photonic circuits on
a planar substrate.

Polymeric materials are the ideal choice
for such an integration platform.[1,5,6] They
are easily manipulated by methods such as
embossing, stamping, sawing, and wet or
dry etching. They generally have a low-cost room-temperature
fabrication process. Polymers can be synthesized with custo-
mer-defined optical characteristics such as selective transpar-
ency bands in different spectral ranges, variable refractive
indexes, low birefringence, etc. Photonic polymers (polyimides,
acrylates, silicones) have excellent thermal properties (high
thermo-optics coefficient) and good environmental and radiation
stability.[1,2,4,7–9] Siloxane polymers have many attributes that
render them viable materials for polymer waveguides.[1] These
can be spin-coated from uncured precursors or polymer
solutions and then patterned into the specific waveguide
geometries using either reactive ion etch or direct exposure
to UV light patterns.[1] Precise control of the refractive index of
both the core and the cladding material can optimise light
transmission. Like inorganic materials,[10] polymers can be
doped to take advantage of useful optical properties associated
with the dopant.

Optical amplifiers are an important component in optical
communications.[11] They are needed to enhance the signal,
particularly in order to compensate for the intrinsic losses due to
fiber propagation and splitting, switching, and multiplexing
operations. Amplifiers can be housed in optical fibers or in
integrated optics components. Erbium-doped fiber amplifiers
(EDFAs)[11] consist of an active region formed from a length of
Er-doped silica fiber. They are often used in telecommunication
networks to amplify optical signals at around 1550 nm. With the
emergence of polymer optical fibers, the natural progression
from silica-based EDFAs is the doping of rare earths into
polymers.[12] There has also been increasing interest in doping
rare earths in inorganic and organic waveguide components to
produce waveguide optical amplifiers.[13–15] The ease of inte-
grated-circuit fabrication provided by polymers, coupled with the
expected high-gain performance in rare-earth materials, lead to
increased activity in this field.[16,17]
Adv. Mater. 2009, 21, 3874–3899
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Many of the advantages of polymer materials discussed for
communications systems also apply to lab-on-a-chip devices,
combining a number of biological and chemical analysis
processes into one miniaturized device.[18] Testing the optical
behavior is an important characterization step. Therefore,
integrated optics devices are often required in these new
systems. The construction of complex lab-on-a-chip devices can
be simplified by taking advantage of the ease of fabrication
afforded by various polymer-patterning techniques.

Optical gels and adhesives are another class of polymer
photonic materials.[1] They are one of the key components of
modern light-wave systems,[1] and act as light junctions
between fiber ends or surfaces of optical devices, filling the
gap between two mating parts and minimizing reflections by
matching the refractive indexes. Optical gels are silicone-based
polymers, with excellent elastic and thermal properties as well
as good chemical and environmental stability.[1,7,19,20] An
index-matching gel is obtained by mixing two gels with
different refractive indexes in different ratios, in order to get a
defined value of refractive index. Most of the gels can then be
thermally or UV cured.[7]

Incorporating nanotubes, nanowires, and graphene derivatives
in these materials is a paradigm shift in current technology,
creating a new class of photonic polymers not just guiding light,
but modulating it, thanks to the functionalities enabled by these
nanostructures.

Here, we review the state of the art in fabrication, charac-
terization, incorporation, and operation of nanotube–polymer
composites to be used in photonic applications, and, in particular,
in ultrashort pulse generation as saturable absorbers. We also
summarize recent results on garphene-based saturable absorbers
for ultrafast lasers.

2. Nanotubes as Saturable Absorbers

As information-processing approaches the bandwidth-limits of
silicon-based devices, new technologies are needed offering the
low cost, low power, and high speed necessary for future
communication and computing platforms. Standard optical
devices are based on traditional semiconductor technology.
However, this has hit a limit given by materials and fabrication
restrictions. Since transfer rates exceeding 1 Gb s�1 strain even
the fastest state-of-the-art electronic designs, optical manipulation
is suggested as alternative to rapidly transfer information. The
backbone of this information technology is composed of optical
devices, which allow optical pulses to carry the data that renders
information exchanges possible.

Materials with nonlinear optical and electro-optical properties
are needed in most photonic applications.[21–24] Laser sources
producing nanosecond to sub-picosecond optical pulses are a
major component in the portfolio of leading laser manufac-
turers. For many scientific, commercial, and industrial uses,
solid-state lasers constitute the short-pulse source of choice.
They are deployed in a variety of applications ranging from basic
scientific research to material processing, from eye surgery to
printed circuit-board manufacturing, from metrology to trim-
ming of electronic components, such as resistors and capacitors.
Regardless of wavelength, the majority of ultrashort laser
systems employ a mode-locking technique, whereby a nonlinear
Adv. Mater. 2009, 21, 3874–3899 � 2009 WILEY-VCH Verlag G
optical element—called saturable absorber (SA)—turns the
laser continuous wave output into a train of ultrashort optical
pulses.[24] The key requirements for nonlinear materials are fast
response time, strong nonlinearity, broad wavelength range, low
optical loss, high power handling, low power consumption, low
cost, and ease of integration into an optical system. The current
solutions do not meet all these needs. For example, in present
technology, optical switching and modulation is obtained by
applying an electric field to crystals such as lithium niobate or to
semiconductor heterostructures in order to induce a change in
material absorption or refractive index.[21–24] Each method has
its disadvantages. For example, the fabrication of lithium
niobate single crystals is complicated, integration into photonic
systems is difficult due to the relatively large voltage required,
and the environmental stability is poor. Semiconductor
heterostructures are expensive to package. They can usually
be optimised only for a specific wavelength range, and hence,
are not very flexible.

Q-switching and mode-locking are well-established techni-
ques for short-pulse generation.[21–24] The use of SAs as
mode-lockers in solid-state lasers to generate ultrashort pulses
was proposed shortly after the invention of the solid-state laser
itself.[25,26] Organic dyes were one of the first materials to be
used as SAs.[27] Color-filter glasses[28] and dye-doped solids[29]

have also been utilized. Lasers based on these SA materials do
not show stable mode-locking because of the short life time of
these organic compounds and their low temperature stabi-
lity.[24,30–32] At present, the most successful SAs are III–V group
binary and ternary semiconductors in the form of multi
quantum wells (MQWs).[31,33–43] These are called semiconductor
SA mirrors (SESAMs). Thus far, SESAMs have been widely
deployed to mode-lock solid-state lasers in a broad spectral range
between 800 and 1550 nm. SESAMs are grown by molecular
beam epitaxy (MBE) or metal–organic vapor phase epitaxy
(MOVPE) on distributed Bragg reflectors.[44–48] In addition to
strict fabrication requirements, they often undergo high-energy
heavy-ion implantation to create defects in order to reduce the
recovery time.[24,45] Also, SESAMs can typically cover a narrow
(several tens of nm) operation wavelength range.[24,31,33,45,49,50]

Hence, new materials with strong ultrafast optical nonlinea-
rities, broad operating range, and simple processing and
packaging are in great demand.

Solid-state lasers based on thulium or holmium are interesting
as they have wide emission from 1.8 to 2.1mm.[51,52] They
provide an appropriate tool for high-resolution molecular
spectroscopy, atmospheric remote sensing, and medical surgery,
as several absorption lines of chemical compounds, such as H2O,
CO2, and NO2, are present in this range.[53–56] Tm-doped and
Tm–Ho co-doped active media can be pumped by commercially
available high-power InGaAs laser diodes at wavelengths around
790 nm, allowing the implementation of efficient, compact, and
rugged laser sources.[53] These devices are particularly important
for studies of atmospheric pollution, but no commercial SAs exist
for this spectral range at the moment. Due to the wide gain
bandwidth of Tm-doped and Tm–Ho co-doped laser systems,
sub-100 fs pulse trains at 2mm can be efficiently generated using
all-solid-state diode-pumped technology. Short mode-locked
pulse trains in this spectral region are of major interest in
time-resolved molecular spectroscopy, IR supercontinuum
mbH & Co. KGaA, Weinheim 3875
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generation,[57] and frequency metrology. Moreover, high-energy
ultrashort pulses at �2mm find specific applications in high-
order harmonic and high-efficiency soft-X-ray generation[58] and
for optical relativistic effects.[59] To date, femtosecond-pulse train
generation around 1.9mm has been demonstrated in passively
mode-locked Tm-doped fiber lasers using SESAMs, with pulse
durations of �190 fs.[60]

The recent advances in nanotechnology have the potential to
overcome many of the shortcomings of traditional semicon-
ductor technology. Nanotubes show great promise for optical
devices. Single-wall nanotubes (SWNTs) exhibit strong optical
absorption, covering a broad spectral range from UV to near
IR.[61–64] To a first approximation, their band gap varies inversely
with diameter.[65] This can, in principle, be fine-tuned by
modifying the growth parameters. Isolated semiconducting
SWNTs (s-SWNTs) and small SWNT bundles exhibit photo-
luminescence (PL) in the near-IR spectral range.[62,66,67] PL is
strongly quenched as the bundle size increases, which increases
the probability of having metallic SWNTs (m-SWNTs) near
s-SWNTs.[62,67–69] The PL properties of SWNTs have been
extensively investigated over the past few years,[66,67,70–79] and
the excitonic nature of electronic transitions in SWNTs has been
theoretically predicted[71,80,81] and experimentally proved.[70,71]

Sub-picosecond carrier relaxation time has also been observed in
SWNTs.[82–86] In addition, they show significant third-order
optical nonlinearities, as theoretically predicted[87–89] and
experimentally confirmed.[86]

The amount of SWNTs needed to assemble a photonic device
is very small. At present, the cost of purified SWNTs can be up
to $1000–2000/g. However, �4mg are enough to prepare a
SWNT-polymer composite of �1600 mm2 area and �30mm
thickness, out of which �400 SA devices can be made.
Scaled-up production of such devices can further drive costs
down. SWNTs also have high laser-damage threshold.[90–92] In
addition, SWNT–polymer SAs can be rendered mechanically
robust and environmentally stable with an appropriate choice of
host matrix. SAs based on SWNTs thus have great potential to
compete with traditional SESAMs.[93–98] A combination of wet
chemistry, organic solvents and polymers with desired optical
properties (see Sec. 4.2) has proven an effective route for their
fabrication.[96,99–102]

It is now possible to disperse SWNTs in different sol-
vents.[103–112] These processed SWNTs can be used in nano-
tube–polymer composites, opening a viable route for mass
production of inexpensive photonic devices and their integration.

Incorporation of tubes into polymers was reported in
Ref. [113]. Since then, nanotube-polymer composites developed
into a vast research area mostly focused on their mechanical and
thermal applications.[114–118] A notable difference between
polymer composites for mechanical applications and optics/
photonics is the method used to incorporate tubes in the host
matrix. Strong interaction between tube and polymer is key for
mechanical strength. This is typically attained by functionaliza-
tion[114,119] and/or in situ polymerization.[120,121] These methods
and the mechanical characterizations of the resultant materials
are not covered here. An overview can be found, for example, in
Refs. [114,122,123].

For optical-grade composites, fine dispersion without
covalent functionalization and control of bundle diameters
� 2009 WILEY-VCH Verlag Gmb
are quite useful.[96,105,124,125] SWNT–polymer composites have
thus far been used as electroluminescent[126,127] and photo-
voltaic devices.[126–134] Significant progress was also achieved
using percolating SWNT networks and their composites as
transparent flexible conductors to replace indium tin oxide
(ITO).[120,135–144]

However, thus far, the most successful photonic/optical
applications of SWNT–polymer composites are SAs for mode-
locking.[94–102,125,145–159] Here, SWNTs act as amplitude
modulators, absorbing weak optical signals, while letting the
strongest pulses pass through without significant loss. Section 3
discusses this in more detail.

The SA composites that are employed for mode-locking can
also be used for optical amplifiers noise suppression.[94] Indeed,
optical amplifiers, which exploit stimulated emission of incident
light under inverted population conditions, suffer from amplified
spontaneous-emission (ASE) noise. Due to this, strong ampli-
fication of weak signals becomes a serious issue, especially
in long-haul data transmission. This noise can be minimized
using SESAMs.[160] The authors of Ref. [94] realized a similar
goal using SWNT SAs.

SWNTs SAs could also be used to fabricate other devices, such
as optical switches, modulators, and wavelength converters;
preliminary results have been reported.[161]

Optical limiting is another important nonlinear optical
phenomenon, and can be seen as the reverse of saturable
absorption. An optical limiting material can strongly attenuate
intense, potentially dangerous laser beams, while allowing
high transmittance for low-intensity ambient light. This can be
utilized to effectively protect delicate optical instruments as well
as the human eye. A number of organic materials, including
phthalocyanines,[162,163] porphyrins,[164] fullerenes,[165,166] and
nanotubes,[167–171] show strong nonlinear extinction to high-
intensity light, hence could serve as candidates for practical
optical limiters. Contrary to the saturable absorption effect
described above, optical limiting in CNT-based composites is
due to nonlinear scattering, originating from heat-induced
solvent-vapor bubbles and CNT sublimation. This can cover a
broad wavelength range from visible to near IR.[170] The use of
CNT–polymer composites as optical limiters will not be covered
here.
3. Saturable Absorption

The response of a material to an electric field can be expressed
as:[172]

P ¼ "0xE (1)

where x is the dielectric susceptibility, E is the electric field, and e0
is the permittivity of free space. For very high electric fields,

Equation 1 is not sufficient to describe the behavior of some

materials. Instead, polarization has to be expressed as a power

series in the electric field:[172]

P ¼ "0ðx1E þ x2E
2 þ x3E

3 þ . . .Þ (2)
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 3874–3899
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where, x1 is the linear susceptibility, while x2 and x3 are the

second- and third-order nonlinear susceptibilities, associated

with nonlinear phenomena such as optical parametric oscillation,

self-focusing, saturable absorption, two-photon absorption,

etc.[172]

In direct band-gap semiconductors, a variation of the incident
light intensity results in changes in absorption and refractive
index.[44] With increasing intensity, the upper energy states fill,
blocking further absorption. The material then becomes
transparent to photons with energies just above the band edge.[44]

This is known as saturable absorption, and is associated with
third-order optical nonlinearities.[172] The absorption of SAs can
be described as[172–174]

aðIÞ ¼ a0

1þ I=Isat
þ ans (3)

where I is intensity of the input optical pulse, a(I) is the

intensity-dependent absorption coefficient, and a0 and ans are the

linear limit of saturable absorption and non-saturable absorption,

respectively.[172–174] Isat is the saturation intensity (the intensity

necessary to reduce the absorption coefficient to half the initial

value, considering ans¼ 0).[172] The dynamic response of the

nonlinear absorption is ruled by the recovery time (tA), defined as

the time necessary to reduce the number of carriers by a factor of

1/e.[24] In general, for SAs, a high change in transmission is

desired between low and high power irradiation.[24] For SAs, a low

value of ans is important. This is usually achieved by reducing

elastic scattering[1,175] and other nonsaturable absorption losses

arising from polymer matrices and carbonaceous impurities.

Most materials demonstrate some saturable absorption, but often

only at very high intensities and with relatively low recovery

times.[176]

s-SWNTs are good SAs.[94–102,125,145–157]. Chen et al.[83]

measured saturable absorption in SWNTs at 1550 nm by means
of pump-probe spectroscopy, and reported x3� 10�10 esu
(1 esu¼ 1.11� 10�9 m2 V�2). Later, Tatsuura et al.[84] got x3� 10�7

esu in resonant conditions, using a pump pulse with energy equal
to that of the eh11 transition (where, ehii is associated with the i-th
electronic interband transitions Eii (i¼ 1, 2, 3, 4) in the single
particle picture [66]) in the SWNTabsorption spectrum.[84] This is
higher than other nanomaterials and semiconductors.[177–180]

For example, x3� 10�12 esu was reported for AgInSe2
nanorods,[178]� 10�8 esu in CdSe,[181] and �10�12 esu in
PbS,[180] which are being investigated, like SWNTs, as alternatives
for conventional SESAMs. As a comparison, InGaAs/AlAs/
AlAsSb coupled quantum wells prepared in a waveguide
structure, used in conventional SESAMs, have x3� 5.3� 10�8

esu.[177]

In earlier implementations of SWNTs-SAs, the tubes were
directly spray-coated on quartz substrates[149,182] or used in
solution.[183] Direct synthesis of highly purified SWNT thin films
on fiber ends was also proposed.[184] However, high losses were
reported due to residual large aggregates as well as catalyst
particles,[182,184] or the formation of bubbles when SWNTs were
used in suspension.[183] The best way to overcome such
disadvantages is to finely disperse SWNTs in a polymer
matrix.[96–102,124,125,146–148,150,152,153,156–159,185–191]
Adv. Mater. 2009, 21, 3874–3899 � 2009 WILEY-VCH Verlag G
4. Considerations Prior to Preparation of
SWNT–Polymer Composites

SWNTs tend to bundle.[192] Aggregates with dimensions
comparable with the device operation wavelength (�1–2mm)
can give rise to significant scattering losses[193] when used in
photonic applications.[1,98,147,175,194] The first step in the
preparation of SWNT–polymer SAs usually involves debundling
of the largest aggregates. This is typically achieved using
ultrasonication in presence of dispersants (surfactants, polymers,
DNA, etc.) in a liquid medium.[62,63,105,106,195–201] After ultra-
sonication, the insoluble materials (catalysts, large SWNT
bundles) are removed by vacuum filtration or ultracentrifugation.
The host polymer, if not used as the dispersant for SWNTs, is then
dissolved in the supernatant. Sodium carboxymethylcellulose
(NaCMC) is an example of polymer that can be used both as a
SWNT dispersant and as host matrix.[201] Finally, the solvent is
gradually evaporated, leaving the tubes incorporated in the
matrix. From the application perspective, the selection of
nanotubes and host polymer is of great importance. From the
fabrication point of view, however, the most critical step is SWNT
dispersion and stabilization in an appropriate solvent, without
compromising their electronic properties.
4.1. Selection of SWNTs

Selection of nanotubes is very important for the optimum
performance of SWNT-based SAs. The nonlinear optical
absorption depends on the number of tubes in resonance with
the incident light. As the transition energies of SWNTs inversely
vary with diameter,[65] saturable absorption at a particular
wavelength depends on the SWNT-diameter distribution.[202]

However, even for an incident wavelength detuned by up to
�200 nm from the peak resonance, appreciable saturable
absorption can be observed,[202] probably due to Pauli blocking.
In such conditions, higher laser intensity is needed,[202] which
can have detrimental effects to the device performance. Another
option is to increase the SWNT loading to attain the desired level
of optical density (absorption). This may, however, lead to higher
scattering losses from residual catalyst particles and amorphous
carbons. Therefore, it is important tomatch the SWNTabsorption
to the device operation wavelength.[96–98,148] Figure 1 shows
representative absorption spectra of SWNTs prepared with
various growth methods.[203–205] Due to different diameter
distributions, the absorption profiles change. In this particular
example, the SWNTs grown by laser ablation, with a diameter
range 1.0–1.3 nm,[147] have a broad peak at �1567 nm, making
them the most suitable for the telecommunications C band
(1530–1565 nm). The SWNT-diameter distribution can usually be
controlled by varying the growth parameters.[147,204,206] Note that
arc discharge and HiPco[205] samples shown in Figure 1 may also
be used, as they have appreciable absorption in the 1550 nm
range,[99–101] but would require increased laser intensity. These
SWNTs may be used for mode-locking more effectively at other
wavelengths matching their absorption profile. Thus, tuning
the SWNTmean diameter is useful for achieving mode-locking at
the desired wavelength. Indeed, mode-locking from SWNTs
mbH & Co. KGaA, Weinheim 3877
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Figure 1. Absorption spectra of SWNTs grown by different methods, with
varying absorption profiles. The SWNTs are dispersed in D2O with SDBS as
an surfactant. The vertical line denotes the telecommunications C band
(1550 nm).
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produced by catalytic CO disproportionation was recently
demonstrated in 1.99mm thalium fiber lasers.[207]

4.2. Selection of Host Polymers

After the selection of SWNTs, host polymers with desirable
optical properties need be chosen. Dispersions are then
prepared in solvents in which the target host-polymer matrices
can be dissolved and processed. The most desirable character-
istics of the host polymer matrices are stability against humidity
or other environmental factors and laser irradiation. Long-term
thermal stability is another important requirement, as most
polymers tend to lose transparency over time due to expulsion of
H-halogen molecules and oxidation.[1] Totally halogenated
materials are thus the most stable due to the absence of
hydrogen.[1]

The polymers must also have low absorption losses at the
operation wavelength. In polymers, optical absorption in the
1300–1600 nm range is dominated by overtones of fundamental
molecular vibrations.[1,208] The highest energy vibrations arise
from the systems with high spring constants; with stiff bonds
and/or small reduced masses.[1,208] The smallest reduced mass
occurs when one of the atoms is hydrogen.[1] Both the C�H and
O�H bonds are strongly absorptive in the �1300–1700 nm
range, while C�F causes the least absorption.[1] The latter
exhibits extremely low absorption through the communication
wavelength range, as the absorption due to the C�F bonds in
the �1100–1600 nm range comes from the 5th, 6th, and 7th

overtones of the associated fundamental molecular vibra-
tion.[1,209]

Polymers traditionally employed for broadband communica-
tions include polymethylmethacrylate (PMMA), polycarbonate
(PC), polystyrene (PS), and epoxy resins.[1] However, these
matrices give a significant optical loss (>0.5 db cm�1, i.e., 89.1%
transmission cm�1) at telecommunication wavelengths.[1,210–212]

Several new polymers, mostly deuterated or halogenated
polyacrylates and fluorinated polyimides, have been developed
� 2009 WILEY-VCH Verlag Gmb
with low loss in the 1000–2000 nm range and good environ-
mental stability.[209,213–218] Fluorinated polymers are the most
transparent for telecommunication applications.[213,216,218] Intro-
duction of fluorine atoms into hyperbranched polymers improves
their thermal and chemical stability, compared to their hydro-
carbon counterparts.[209] Resistance to humidity also improves,
resulting in smaller losses from absorbed moisture.[1,209,215]

However, their cost is higher than more traditional materials,
such as PMMA or epoxy resins.

Achieving uniform SWNT dispersion in polymer matrices is
not trivial. This depends on debundling and resultant bundle
diameters. This, in turn, depends on the interaction of the
solvent/dispersant molecules with the tube sidewalls. The host
polymers are usually mixed after the nanotube-dispersion
process. In case of UV-curable polymers with high viscosity,
where nanotubes are directly dispersed in polymers without
solvent, the effectiveness of ultrasonic systems sharply drops, as
high viscosity inhibits bubble formation and collapse.[219,220]

Since ultrasonic-assisted dispersion depends on the shear forces
generated by the collapsing bubbles,[219–222] direct dispersion of
isolated SWNTs or sub-micrometer-size bundles using ultrasonic
tips is not straightforward. The authors of Ref. [123] reviewed
SWNT dispersion in liquid polymers. SWNTs directly dispersed
in these are not usually suitable for optical-quality composites,
due to the presence of aggregates with micrometer dimensions.
Dispersibility of pristine (purified) SWNT hence strongly defines
the suitability of polymer matrices. A compromise between
optical properties and dispersion compatibility is therefore
needed.

In spite of poor environmental stability, water-soluble
polymers, such as polyvinylalcohol (PVA), and cellulose deriva-
tives, such as NaCMC, have been widely used for
SAs,[94,97,124,125,147,148,150,153,186,190,194] since stable, high-
concentration aqueous dispersions of pristine SWNTs can be
easily prepared. From the fabrication perspective, NaCMC is
more attractive, as the polymer acts both as a dispersant and
host polymer. On the other hand, even though SWNT-PVA
first requires the tubes to be dispersed in a water-surfactant
solution, it results in mechanically stronger composites
and smoother surfaces. Thus, SWNT-PVA composites have
been used in studies of saturable absorption and in
devices.[94,97,124,125,147,148,186,194] Polyimides,[124,150] PC,[96,100]

PMMA,[99] and styrene methyl methacrylate (SMMA)[223] have
been suggested as alternatives due to their better transparency
and environmental stability compared to PVA and NaCMC.
5. Dispersion of Nanotubes in Solvents

In composites for mechanical reinforcement or electrical
conductivity, high loading/concentration of de-bundled SWNTs
is often desired.[114,122,123] This can be accomplished by covalent
functionalization,[119,224] which requires defect sites on the
SWNT sidewalls for the different functional groups to be
attached. This improves de-bundling of SWNTs and their stability
in liquid dispersions, especially in organic solvents.[119,224] For
example, fluorinated SWNTs can be dispersed in alcohols.[119,225]

The fluorine atoms can be replaced with alkyl groups, either by
treatment with alkyl lithium or with Grignard (alkyl- or
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 3874–3899
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aryl-magnesium halides) compounds.[226] The treated SWNTs can
then be easily dispersed in various organic solvents.[226] SWNTs
reduced with Li or Na can spontaneously disperse, without
ultrasonic treatment, in polar aprotic solvents (dimethyl sulfoxide
(DMSO), N,N-dimethylacetamide (DMA), N-methylformamide
(NMF), N-Methyl-2-pyrrolidone (NMP), dimethylformamide
(DMF), etc.).[120,121] Although covalent functionalization reduces
the mechanical strength of SWNTs, it improves the interaction
between sidewalls and polymers, resulting in good interfacial
stress transfer.[227] Functionalization also results in better
dispersion. This causes a more uniform stress distribu-
tion.[114,119,122,123,224] However, SWNTs can tolerate only a limited
number of covalently functionalized sites before their electronic/
optical properties significantly change.[225,228–230] For example,
the authors of Ref. [225] reported loss of absorption features for
SWNTs functionalized with aryl diazonium salts. The authors of
Ref. [230] also observed similar effects by selective covalent
functionalization of m-SWNTs by diazonium reagents. For
photonic applications, preserving the absorption features is
critical. Therefore, covalent functionalization is not the preferred
option.

In order to achieve uniform dispersion of SWNTs in polymer
composites, in situ polymerization under sonication[120] and in
situ bulk polymerization[121] have also been used. The authors of
Ref. [120] exploited aromatic polyimides to prepare composites
by in situ polymerization of the monomers in presence of
sonication. In situ bulk polymerization was employed by the
authors of Ref. [121] to prepare SWNT-PMMA composites from
methyl methacrylate (MMA) monomers in presence of the
free-radical initiator 2,2-azobisisobutyronitrile (AIBN). Though
these approaches improve conductivity and elastic modulus of the
composites with low SWNT loading (�0.1wt%), respectively, the
homogeneity of the SWNTdispersion in the composites were not
discussed.

Another approach is to use noncovalent interactions, i.e.,
physical adsorption of solvent or dispersants (surfactants,
polymers, biomolecules, etc.) on the SWNT side-
walls.[62,63,106,201,231–234] This gives little or no change in elec-
tronic properties.[235] A number of polymers have recently been
used to disperse SWNTs in non-aqueous media.[105,107,236–240]

These tend to wrap around the tubes or absorb on the sidewalls,
facilitating debundling and stabilization at concentrations
appropriate for optical applications (<0.01wt%).[105,107,198,223]

The difficulty in noncovalent dispersions in non-aqueous solvents
is to achieve the desired loading whilst maintaining the resultant
dispersion stability.[105,197,198]

The concentration or loading of SWNTs is an important
prerequisite for optical applications, as it offers flexibility in
obtaining the desired optical density (absolute absorption).
Small bundles containing m-SWNTs are also useful, since
m-SWNTs offer a fast relaxation channel for the excited
states.

5.1. Dispersion in Water

Pristine SWNTs cannot be stably dispersed in a highly polar
solvent like water without functionalization.[62] Significant effort
has been devoted to finding suitable molecules to noncovalently
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interact with SWNT sidewalls for the preparation of stable
aqueous suspensions. These include surfactants,[62,106,195,196,241]

water-soluble polymers,[106,195,199,200,241,242] DNA,[63,64,243,244]

polypeptides,[231–233] and cellulose derivatives.[201,234,245]

5.1.1. Surfactants

The most commonly used surfactants are sodium dodecyl sulfate
(SDS) and sodium dodecyl benzosulfonate (SDBS).[62,195,241] Both
are linear-chain anionic with a hydrophobic tail and a hydrophilic
head.[195,241] In aqueous solutions, above the critical micelle
concentration and at a temperature greater than the critical
micelle temperature, the surfactant molecules arrange their
hydrophilic heads in contact with water and the hydrophobic tails
in the center to form micelles.[246] The micelles of these
surfactants can adopt a wide range of orientations with respect
to the tube.[62] When SWNTs are isolated by the shear forces from
the formation and collapse of cavities generated by ultra-
sounds,[219,220] surfactants in concentration above the critical
micelle concentration form micelles around the individual
SWNTs and small bundles, with their nonpolar tail on the
SWNT sidewalls, and their polar or ionic end in water. This
prevents reaggregation.[62] Triton X and the Brij series are
commonly used among the linear-chain nonionic surfac-
tants.[106,195] Dodecyltrimethylammonium bromide (DTAB) and
cetyltrimethylammonium bromide (CTAB) have also been
used.[106,195] Other anionic surfactants, for example, bile salts,
can also disperse SWNTs.[196,247] Bile salts are flat, rigid
molecules, with a hydrophobic and a hydrophilic side.[248] The
most common are sodium cholate (SC), sodium deoxicholate
(SDC), and its taurine substitute sodium taurodeoxycholate
(TDC).[106,196,247] In contrast to linear-chain surfactants, the
hydrophobic sides of the flat bile-salt molecules adsorb on the
sidewalls, resulting in a more regular and uniform coverage
around isolated SWNTs.[196] Pluronic, a series of PEO-PPO-PEO
triblock polymers, is also a good dispersant of SWNTs.[195]

Amongst the surfactants, Pluronic F-98 and SDBS disperse the
largest amount of SWNTs, but without completely isolating
them.[196]

5.1.2. Polymers

The authors of Ref. [200] first reported the use of reversible,
uniform physical adsorption of linear polymers, such as polyvinyl
pyrrolidone (PVP) and polystyrene sulfonate (PSS), on to the
SWNT sidewalls to get dispersions. PVP also stabilizes
surfactant-assisted aqueous SWNT dispersions.[62] In general,
the wrapping of SWNTs by water-soluble polymers is thermo-
dynamically favored by the removal of the hydrophobic interface
between SWNT sidewalls and aqueous medium.[62,199] SWNTs
can also be exfoliated in aqueous dispersions of gum arabic (GA),
a natural polymer.[199] GA is a highly branched arabinogalactan
polysaccharide with two major components: 70–80% of
arabinogalactan, forming a highly branched structure
with a hydrodynamic radius (Rh) of �5 nm, and �20% of an
arabinogalactan-protein complex with a Rh of �25–50 nm.[199,249]

The authors of Ref. [199] reported that GA adsorbs on SWNT
bundles with much smaller dimensions than the characteristic
radius (RF) of the polymeric chains, (25–50 nm in Ref. [199]) and
activates a repulsive force at a distance of 2RF,

[250] thus helping
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the SWNTs to overcome the van der Waals attraction. Linear
polysaccharides, such as chitosan, can also disperse
SWNTs.[106,245] The loading is comparable to that of the SBDS
and Pluronic series of surfactants.[106,195]

5.1.3. DNA and other Biomolecules

DNA is a good SWNT dispersant in aqueous environ-
ments.[63,64,243,251–254] The authors of Ref. [63] suggested that
single-stranded DNA (ss-DNA) forms a helical wrap around
SWNT sidewalls by p-stacking. They showed that the binding
free-energy of ss-DNA to SWNTs is higher than that between two
SWNTs, thus facilitating dispersion.[63] Other biomolecules, such
as polypeptides, are also efficient for aqueous dispersions.[231–233]

For example, the authors of Ref. [231] designed a peptide, called
nano-1, which folds into an a-helix. Its hydrophobic side interacts
with the SWNT sidewall, whereas the hydrophilic side interacts
with the aqueous medium.[237] Increasing the number of aromatic
residues within the peptides improves the dispersion quality.[232]

This can be further improved by crosslinking the peptides on the
external side of the a-helixes.[233] Carboxymethylcellulose[201,234]

and hydroxyethylcellulose[201] have also been reported to isolate
SWNTs with higher loading compared to the surfactants and
polymers discussed in Sections 5.1.1 and 5.1.2. Recently, NaCMC
was used to prepare optical-quality SWNT-NaCMC SA composites
through the aqueous-solvent route.[153,190]

5.2. Non-Covalent SWNT Dispersions in Non-Aqueous

Solvents

For non-aqueous, solvent-based dispersions, loading, stability,
and reaggregation of the tubes are major issues. Most
humidity-resistant SWNT–polymer composites (with PC, poly-
imide, PMMA, SMMA, etc.) need to be prepared through the
non-aqueous solvent route.

5.2.1. Pure Non-Aqueous Solvents

Dispersion of pristine SWNTs in pure amide solvents, such as
DMSO, DMA, NMF, NMP, DMF, etc. is possible, but only at low
concentrations.[104,111,112,197,255,256] The authors of Ref. [111]
reported a list of desired solvent properties for SWNTdispersions.
Important criteria for solvents to get good dispersion of
unfunctionalized SWNTs include high electron-pair donicity
(b, i.e., hydrogen bond acceptance ability),[257,258] small hydro-
gen-bond donation parameter (a), and high solvatochromatic
parameter (p*).[111] The latter describes the polarity and
polarizability of solvents.[257,258] Therefore, the Lewis
basicity,[111,257,258] without hydrogen donors, is the key to good
dispersion of SWNTs. This is necessary but does not cover all the
requirements, since the authors of Ref. [111] also found that
DMSO meets all the above criteria but is only a mediocre solvent
for SWNTs. In highly polar alkyl amide solvents, bond lengths
and angles are important criterions for good SWNT disper-
sion.[112] Amongst the amide solvents, NMP is one of the most
effective for dispersing pristine SWNTs. Recently, the authors of
Ref. [110] reported that interaction between pristine HiPco
SWNTs with NMP leads to an almost zero enthalpy of mixing,
facilitating SWNT dispersion in pure NMP. Up to �70% of
individual tubes at a very low concentration (�0.004 g L�1) can be
� 2009 WILEY-VCH Verlag Gmb
obtained using this strategy. The average bundle diameter
increases with SWNT concentration.[104] Individual SWNTs
remain stable in NMP for at least three weeks.[197,198] However,
such low concentrations do not allow fabrication of composites
with the optical density (�0.2–0.5) required for SAs.[96,125,147]

5.2.2. Non-Aqueous Solvent with Dispersants

For non-aqueous solvents, debundling of SWNTs can be achieved
using polymers, which can also limit reaggregation. This is
thought to happen by physical adsorption/wrapping by polymers
through p-stacking.[96,105,197,198,236–240,259] The choice of disper-
sant molecules is, however, not as broad as in the case of aqueous
dispersions. Only a handful of organic solvent-dispersant
combinations may be used to prepare stable SWNT dispersions
with >0.01 to <0.05wt% loading.[96,105,107]

We recently reported that PVP can significantly improve the
stability and loading (�0.14 g L–1) of isolated, unfunctionalized
SWNTs in NMP.[105,197,198] PVP debundles reaggregated
SWNTs.[197,198] SWNTs have also been dispersed in low-viscosity
MMA, which is then thermally polymerized.[99] The authors of
Ref. [99] reported that addition of diphenyl sulfide and benzyl
benzoate reduces reaggregation. Conjugated polymers can also
disperse SWNTs in organic solvents. For example, polythiophene
derivatives poly[3-(2-methoxyethoxy)ethoxymethylthiophene-
2,5-diyl][260] and regiorandom poly(3-hexylthiophene) were
reported to be efficient dispersant in chloroform.[107] We used
regioregural poly(3-hexylthiophene-2,5-diyl) (P3HT) to disperse
and stabilize laser-ablation SWNTs with �1.3 nm diameter in
1,2-dichlorobenzene (DCB).[96] This is quite useful, since SWNTs
with such diameters are ideal as SAs at the telecommunication C
band.[96,147]

Amphiphilic block copolymers may also be used to isolate
SWNTs in DMF.[261] They act as surfactants, having hydrophobic
and hydrophilic blocks. Polystyrene-block-polyacrilic acid
(PS-b-PAA) forms micelles around SWNTs due to the gradual
addition of water. The external hydrophilic blocks can then be
crosslinked, creating stable micelles.[261]

Poly-[(m-phenylenevinylene)-co-(2,5-dioctyloxy-p-phenylenevinylene)]
(PmPV) and its derivatives preferentially wrap bundles, rather
than individual tubes, when chloroform is used as solvent.[237,239]

PmPV derivatives containing ionic side-groups can also disperse
SWNT bundles in protic solvents, such as ethanol.[240] The
dispersion mechanism is proposed to be p-stacking and van der
Waals interaction between the PmPV molecules and SWNT
sidewalls.[240] On the other hand, if a hyperbranched variant of
PmPV is used, SWNTs can be individually dispersed in
chloroform.[238] In this case, the branched structure of the
polymer forms cavities suitable to host individual SWNTs.[238]

Isolated SWNTs can also be obtained in tetrahydrofuran (THF)
if poly(p-phenylene-1,2-vinylene) (PPV) is copolymerized
with units of p-phenylene-1,1-vinylidene.[236] The resulting
copolymer (coPPV) has structural defects (the 1,1-vinylidene
units) that allow the polymer backbone to fit the curvature of
the tube sidewalls better than the homopolymer, thus
wrapping the SWNTs by p-stacking.[236] Amongst the
polymers used for SWNT dispersion, PVP and polythiophene
derivatives are most suitable due to high loading and ease of
dispersion.[96,105,107]
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 3874–3899
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5.3. Characterization of SWNT Dispersions

SWNT dispersions with low loading (<0.01 wt%) can be
characterized by photoluminescence excitation (PLE), optical
absorption spectroscopy (OAS), and Raman spectroscopy.
These methods are employed to assess concentration and
presence of individual SWNTs or small bundles, and may be
used as independent or complementary characterization
tools.[62,67,68,103–105,196,197,262,263,266] OAS is mostly used to study
the SWNT dispersion. PLE can be employed to study dispersion/
aggregation of SWNTs,[67,68,105,262,263,266] to compare the relative
population of different SWNT species,[196,267] the stability of
dispersions,[67,197,268] etc.

5.3.1. Optical Absorption Spectroscopy

Figure 2 plots absorption spectra of SWNTs dispersed in several
solvent-surfactant systems. The peaks are excitonic transitions.
For example, the features from 400 to 550 nm, 550 to 900 nm, and
1100 to 1430 nm are eh11 of m-SWNTs, eh22 of s-SWNTs, and eh11
of s-SWNTs, respectively.[62,269] These can broaden and shift due
to change in the dielectric constant (e) of the surrounding
environment, as a result of bundling[67,68,270,271] or different
surfactant coverage.[106,195,196,241] Indeed, up to 10meV red-shift
in the exciton energy was attributed to bundling.[67,68,270,271] The
authors of Ref. [104] reported a red shift from 30 to 50 meV for
SWNT dispersions in pure NMP, compared to aqueous SWNT
dispersions. A similar shift is seen in Figure 2. Along with
the exciton-binding energy, dielectric screening reduces the
Figure 2. Absorption spectra of HiPco SWNTs in different solvent-
surfactant system: a) NMP/PVP [197]; b) Pure NMP [197]; c) Water/SDBS
[195]; d) Water/SDS [195]; e) Water/CTAB [195]; f) Water/Brij [195];
g) Water/Na-CMC [201]; h) Water/DNA [63]; i) Water/nano-1 peptide
[232]. The spectra illustrate the shift in absorption due to different dielectric
environments surrounding the SWNTs. Note the peaks broadening and
loss of sharp features in organic solvent dispersions.
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electron–electron interaction. This is why the overall shifts are
small in spite of large change in the dielectric environment.[272]

When preparing composites for optical applications, estima-
tion of SWNTaggregation in the dispersions is usually carried out
by comparing solutions prepared using the same dispersant/
solvent combination, to eliminate the effects caused by different
dielectric environments. However, more specific information on
SWNT aggregations can be obtained using PLE spectroscopy,
which we will briefly discuss in Section 5.3.1.2.

5.3.1.1. Quantitative Estimation of SWNT Concentration

Estimation of SWNT loading enables the determination of the
required amount of polymer to achieve the desired optical density
in the resulting SWNT–polymer composite. The SWNT
concentration can be assessed by the Beer–Lambert law Al¼al
lc, where Al is the absorbance at wavelength l, al is the

absorption coefficient at wavelength l, l is optical path length,

and c is the concentration. In case of a very high SWNT

concentration, the dispersion needs to be diluted to avoid

scattering losses.[105,112] In order to get a reliable result, it is

necessary to determine al at several wavelengths from a set of

solutions with known SWNT concentration.[105,112,197] Figure 3

shows an example used to estimate al of HiPco SWNTs in pure

NMP.[197] The wavelengths are chosen to match peaks in the

absorption spectra of HiPco SWNTs in NMP, such as eh11 of
m-SWNTs (at 506 nm), eh22 of s-SWNTs (at 660 and 871 nm),

and eh11 of s-SWNTs (at 1308 nm). This can then be used to

assess the SWNT concentrations of other dispersions in pure

NMP.[105,197]

5.3.1.2. Qualitative Estimation of Bundling

The amount of bundling in both aqueous and organic solvent
dispersions is another key parameter. The stability and
aggregation of the dispersed SWNTs in solvents determine
the bundle size in the composite.[105] If SWNTs are completely
isolated, the relaxation of the excited states is slower compared
to that of SWNTs in bundles.[67] On the other hand, bundles
Figure 3. Absorption coefficients of HiPco SWNTs in NMP at four differ-
ent wavelengths. Adapted from [197].
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Figure 4. EET from large-gap s-SWNT to a smaller-gap s-SWNT: a) sche-
matic, b) excitonic picture. PLE map for c) as-prepared dispersions and d)
and e) after two months. Open squares represent eh11 emission of SWNTs
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with size comparable to the operation wavelength cause
unwanted scattering losses.[1,175,193] Therefore, a compromise
in bundle diameter must be reached, to minimize losses and
recovery time.

PLE may be used to identify bundles by monitoring the
optical signatures of exciton energy transfer (EET).[67,68,268]

Detection of EET does not require any reference sample. For
example, we observed that, two months after preparation,
CoMoCAT[203] dispersions in water with 1wt% SDBS form
small bundles.[67] This was suggested by the red-shift in eh11
emission wavelengths.[271,273] However, we also detected a
number of new peaks, not corresponding to any previously
reported exciton–exciton resonances of SWNTs in the emission
range from 1150 to 1350 nm.[66,274] We attributed these to EET
from large-bandgap s-SWNTs (donors) to small-bandgap
s-SWNTs (acceptors). Figure 4a and b schematically describe
EET from a donor to an acceptor SWNT. Note that these optical
features are distinct from the emission satellites of bright
phonon sidebands,[275] since the intensity of those features is
only a few percent compared to the main eh11 peaks, even for
isolated SWNTs.[268] In bundles, these should become weaker
due to the presence of additional excitonic relaxation channels
via EET.[67] Also, the positions of the bright phonon sidebands
depend on the associated excitonic-transition energies.[268] On
the other hand, EET band can be very strong and only depend
on the transition energies of donor and acceptor s-SWNTs.[67]

EET from (6,5) to (8,4) in as-prepared and two-month-incubated
dispersions are shown in Figure 4c and d. Note the change in
the relative intensities of the (8,4) exciton–exciton transition,
and the associated EET feature indicated by a circle. Figure 4e
shows some of the most prominent EET features as circles and
ellipses. EET can therefore be used as an equally effective tool to
detect the presence of bundles in both aqueous[67,68,268] and
non-aqueous[105] dispersions.
matching their eh11, eh22, eh33, and eh44 transitions. The (eh22,eh11)
resonances are 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), (9,4), with excitation matching
eh11, eh22, and eh33 of (6,5). Broad spectral features marked by ellipses are
assigned to EET between s-SWNTs. Adapted from [67].
6. Incorporation of SWNTs into Host Polymers

After ultrasonication, the dispersions in aqueous or non-aqueous
media usually contain large insoluble residuals (catalyst particles)
and SWNT aggregates/bundles.[62] These are generally removed
by centrifugation or vacuum filtration.[62] There is always a
trade-off between the desired bundle diameter and SWNT
loading. In contrast to non-aqueous dispersions, high loading
can be easily achieved in aqueous dispersions. After the removal
of aggregates, the dispersions are mixed with the host
polymer.[125,147,186] The same protocol is followed in organic
solvents if a different polymer is used as the SWNT
dispersant.[96,105,124,223] The mixtures are then drop-cast or spin
coated, depending on the application requirements. In general,
the thickness requirement for composites sandwiched between
fiber connectors is �10–30mm to reduce insertion losses. Even
thinner composites are favored for the same reason. However,
high SWNT loading is required to obtain the desired level of
optical absorption (�0.2–0.5).[96,125,147] Also, thin films can be
fragile. In case of a free-space setup, thicker composites can
be used. For example, the authors of Refs. [100,102] prepared
SWNT-PS, SWNT-PMMA and SWNT-PC SA composites as thick
as 1mm.
� 2009 WILEY-VCH Verlag Gmb
6.1. Aqueous-Solvent Route

As mentioned in Section 4.2, the most common water-
soluble polymers for SWNT–polymer SAs are PVA and
NaCMC.[94,97,124,125,147,148,150,153,186,190,194] Their optical
quality and mode-locking performance has steadily
improved.[97,125,147,148,156,186]

For PVA, SDBS may be used as surfactant due to its efficiency
in dispersing high amounts of SWNTs.[106,195,196] It disperses
SWNTs with a larger diameter range compared to bile salts, the
latter preferring small-diameter tubes.[196] The amount of SWNTs
and dispersant vary according to the SWNT purity. The duration
of sonication depends on the ultrasonicator and sample
temperature during the dispersion process. For example,
homogeneous dispersions can be achieved by ultrasonicating
0.02–0.05wt% (0.2–0.5mg mL�1) of purified HiPco SWNTs with
0.2wt% (2mg mL�1) of SDBS for 2–3 h at 10–12 8C using a
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 3874–3899
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Bioruptor (Diagenode) sonicator system[276] operating at 20 kHz
with 270W power. Note that the actual power delivered to the
sample is substantially lower due to noncontact dispersion
method of this ultrasonicator. Depending on the quality of the
ultrasonicated dispersion, ultracentrifugation is carried out at
80 000–140 000g for 1–2 h.[97,125] The supernatant is then
decanted. The maximum eh11 absorption usually varies from
1–1.5 (�10–3% transmission)[125] depending on SWNTdiameter
distribution and purity. The dispersion is then mixed with
20–30wt% aqueous PVA solution. Ultrasonicating the mixture
results in a uniform solution, which is then drop cast on a Petri
dish. Slow evaporation (1–2 weeks) under ambient temperature
and pressure results in a free-standing SWNT-PVA composite
with homogeneously dispersed tubes.[94,125,147,148,185,186,194]

SWNT-NaCMC composites require one step less, since
NaCMC acts as dispersant as well as host polymer.[153,190,201,234]

Typically, 0.02–0.05wt% (0.2–0.5mg mL�1) SWNTs with
1–1.5wt% (10–15mg mL�1) Na-CMC are ultrasonicated for
2–3 h at 40–60 8C using a Branson tip sonicator at 20 kHz with
200W power. The dispersion is then centrifuged at
120 000–150 000g for 1–2 h.[153,190] The decanted dispersion is
then drop-cast under ambient pressure. However, NaCMC is
hygroscopic, hence its poor environmental stability.[277]
6.2. Non-Aqueous-Solvent Route

SWNT polymer composites with polyimide,[124,150] polystyrene
(PS),[102] PMMA,[99,102] PC,[96,100] SMMA,[223] and P3HT[101] have
thus far been demonstrated as SAs in transmissive device
configurations. Compared to PVA and NaCMC, these composites
are more environmentally stable.[1] In addition, they are more
transparent in the telecommunications C band region.

The authors of Ref. [124] prepared the first SWNT–polymer
composite for optical applications through the non-
aqueous-solvent route. They used polyimide as the host matrix.
After the ultrasonic-assisted dispersion of purified SWNTs in
NMP and subsequent ultracentrifugation, the supernatant was
mixed with block-copolymerized polyimide soluble in NMP. The
mixture was then coated on glass substrates and cured at 90 8C for
1 h, and then at 180 8C for another hour. The cured polymer
composite was then separated from the substrate. No detectable
aggregation was observed under optical microscopy in the
free-standing composite.[124] The authors of Ref. [102] prepared
PS and PMMA composites using chlorobenzene or tetrahydro-
furan (THF). The resulting uniform dispersion of SWNTs by
PMMA was assigned to the intermolecular force between a
carbonyl group of PMMA and open ends and sidewall defects of
SWNTs. The composites were then used as SAs.[102]

Recently, we prepared SWNT-PC composites by dispersing
tubes in DCB using P3HTas the dispersant.[96] Ultrasonication of
0.05–0.08wt% (0.5–0.8mg mL�1) purified SWNTs with 0.4wt%
(4mg mL�1) P3HT for 3 h at 20 8C using a tip sonicator was used
to get a homogeneous dispersion. This was then centrifuged at
300 000g to remove large aggregates. Pellets of PC, a copolymer of
bisphenol A and bisphenol TMC, were added and dissolved by
further ultrasonication. The resulting SWNT-P3HT-PC disper-
sion in DCB was drop-cast in a Petri dish under vacuum at room
Adv. Mater. 2009, 21, 3874–3899 � 2009 WILEY-VCH Verlag G
temperature, producing a free-standing film with uniform,
sub-micrometer SWNT aggregation across the composite.[96] We
used a similar SWNT-P3HTdispersion in chloroformmixed with
SMMA to produce a homogeneous SWNT-P3HT-SMMA com-
posite.[223] To minimize aggregation, the composite was dried
slowly under saturated chloroform vapor.[107,223] The authors of
Ref. [101] used SWNT-P3HT in chloroform to dip-coat directly on
a fiber connector end. A PC composite was also reported in
Ref. [100]. SWNTs were mechanically mixed with DMF and then
ultrasonicated in presence of PC. Drop-casting resulted in a
composite with rough surface, then polished to obtain a
mirror-like finish.[100] However, the power transmission at the
device operation wavelength was less than 1%.[100]

Significant progress has been achieved over the past five years
on SWNT–polymer composites prepared via the organic-solvent
route. The composites discussed here have long-term environ-
mental stability compared to PVA and NaCMC. In particular, PC
has higher heat resistance than most other polymers discussed
here.[1,211] The challenge now is to prepare composites with
silicone and hyperbranched fluorinated polymers, to further
improve performance and stability of the transmissive-type device
structures. Both these classes of polymers offer the unique
advantage of high water repellence, heat stability, and extreme
resistance to chemical attacks.[1,209]
6.3. Characterization of Saturable Absorber Composites

6.3.1. Optical Microscopy

In order to optimize the SAperformance, it is important to ensure
the composite is free from cracks, bubbles, particles, aggrega-
tions, and other physical defects that introduce nonsaturable
losses. These defects cause losses when their dimensions are
comparable to the device-operation wavelength.[175] Therefore,
optical microscopy is an adequate tool.

Figure 5 shows optical microscopy images of PVA, NaCMC,
SMMA, and PC composites with SWNTs. No significant
aggregation can be resolved. The darker pattern in the
SWNT-NaCMC composite is due to higher surface roughness.
Note that composites with a significant amount of large
aggregates (SWNT bundles, undissolved particles, etc.) can still
function as SAs, but with lower performances.

6.3.2. Optical Absorption Spectroscopy

The optical density of SA composites at the device-operation
wavelength is an important indicator of the expected perfor-
mance.[148] This can be determined by OAS. The generally
acceptable range of optical density is 0.2–0.5 (60–30% transmis-
sion).[94,96–98,124,125,147,156,186] However, composites with much
higher absorption have also been demonstrated to mode-lock.[100]

As an example, Figure 6a shows the absorption of SWNT-PVA,
pure PVA, and the initial SWNT solution.[125,186] The shift in the
SWNT absorbance peaks in the host polymer compared to the
solution can be attributed to a change in dielectric environ-
ment,[271,272,278] as well as mechanical stress on the nano-
tubes.[279] For a comparison, a similar set of spectra for a
SWNT-P3HT-PC composite is presented in Figure 6b.
mbH & Co. KGaA, Weinheim 3883
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Figure 5. Optical microscopy images of SWNT–polymer composites. The
SWNT-SDBS-PVA and SWNT-NaCMC composites are prepared using a
similar slow evaporation protocol at ambient temperature and pressure,
resulting inhigher surface roughness in the latter. TheSWNT-PVP-SMMAand
SWNT-P3HT-PC composites are prepared using vacuum evaporation. The
golden tint in the SWNT-P3HT-PC composite arises from P3HT.
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OAS also provides other important insights. Comparison
between the SWNT absorbance spectra in D2O and DCB shows
that the narrow SWNT absorption features in D2O broaden and
red-shift in DCB. This indicates larger bundles in the latter
dispersion,[62,273] which is further confirmed by the absence of PL
in DCB.[96] A significant absorbance increase in the region below
1100 nm is observed in the SWNT-P3HT-PC composite. This is
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Figure 6. Absorption spectra of laser-ablation SWNT dispersions: a) in
D2O-SDBS and b) in P3HT-DCB; composite in a) PVA, b) P3HT-PC.
Adapted from [96]. Absorption from the pure polymers without the
nanotubes is also presented. The vertical line denotes the operating
wavelength for the telecommunications C band (1550 nm).
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most likely due to p–p interactions between P3HT and
SWNTs,[236] as pure P3HT in DCB does not absorb above
600 nm.[96] Alignment of SWNTs can also be studied using OAS,
as the intensity of SWNT absorption peaks decrease with
increasing polarization angle.[194,201,280]

6.3.3. Raman Spectroscopy

Raman spectroscopy can be used to confirm the presence of
SWNTs within a composite and their diameter distribution. It
may also be used to estimate the ultrasonication or laser-induced
damage. As an example, Figure 7 shows Raman spectra of
SWNT-PVA composites, as well as the starting SWNTs, taken at
514, 633, and 785 nm excitation.

In the 1500–1600 cm�1 region, a typical Raman spectrum of
SWNT consists of the GR and G� bands. In s-SWNTs, they
originate from the longitudinal (LO) and tangential (TO) modes,
respectively, derived from the splitting of the E2g phonon of
graphene.[281–284] In m-SWNTs, instead, the assignment of the
GR and G� bands is the opposite, and the G� width is
larger.[281,282] Thus, the presence of a wide, low-frequency G� is a
fingerprint of m-SWNTs. However, the absence of such feature
does not necessarily mean that no m-SWNTs are present, but
could just signify that those are off-resonance, or, less likely, that
only arm-chair m-SWNTs are present (since in this case the LO
mode is forbidden by symmetry). Thus, the use of a large number
of excitation wavelengths is necessary for a complete character-
ization.[278,285] However, some information can be derived with
just two–three wavelengths, especially in the case of process
monitoring, such as in composites preparation, when Raman
spectroscopy is used to compare the initial material, the resulting
solutions and composites, as in Figure 7.

In the low-frequency region, the radial breathing modes
(RBMs) are observed.[286,287] Their energy is inversely related to
SWNT diameter, d, by the relation: vRBM ¼ C1

d
þ C2. Several

groups have derived a variety of C1 and C2.
[66,278,286–288,290–295]

Combining the information given by the RBMs with the
excitation wavelength through the ‘Kataura plot’,[65,269] it is in
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Figure 7. Raman spectra of pristine SWNTs and SWNT–polymer compo-
site. The corresponding excitation wavelengths are also indicated.
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principle possible to derive the SWNT chirality.[292,296,297]

Refs. [278,285,288,289] report tables where for each (n,m), the
corresponding RBM 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 negligible. 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) found in Refs. [278,295]. For the higher RBM
frequency (smaller diameters) the calculated diameters (0.62 nm
and 0.75 nm) differ from their average by �10%. An average
bandgap of �1.3 eV can be inferred,[206] from which the two
extremes deviate by �8%. For the lower RBM frequency (larger
diameters), the calculated diameters (2.18 nm and 2.61 nm) differ
from their average by�10%; an average band gap of�0.35 eVcan
be inferred, from which the two extremes deviate by �9%. Thus,
the evaluation of optical absorption through the Kataura plot[65] is
not deeply affected.

Matching the diameter given by RBM with the excitation
wavelength in the Kataura plot gives information on the
semiconducting or metallic character. For example, in the spectra
shown in Figure 7 at 514 nm, the RBM is 186 cm�1, from which a
diameter 1.29 nm is derived. From Ref. [65], we deduce that
s-SWNTs are excited. At 633 nm, the RBM is 193 cm�1, from
which a diameter 1.23 nm is derived, and from Ref. [65], we
deduce that m-SWNTs are excited. Thus, Figure 7 shows that the
sample is a mixture of m-SWNTs (at 633 nm) and s-SWNTs
(observed at 514 and 785 nm). This is further confirmed by the
shape of the G� band.[281,298]

Raman spectroscopy can also be used to verify any possible
damage during ultrasonic dispersion, as well as laser-induced
damage during SA operation, by monitoring the D peak and
its overtone, the 2D band.[299–301] In Figure 7, the small increase
of the D to G intensity ratio, I(D)/I(G), from the pristine sample
to the composite, indicates that the dispersion causes limited
damage. Figure 8 compares the Raman spectra of the
Figure 8. Raman spectra of SWNTs embedded in PVA before and after
their operation in a laser cavity.
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nanotubes–polymer composite prior and after usage as SA,
for 12 h. We observe no change in I(D)/I(G), implying that the
nanotubes in the composite are not damaged due to laser
irradiation.

6.3.4. PL Spectroscopy

PL can be observed from isolated SWNTs or small bun-
dles,[62,66,67] even when they are embedded in composites.[201]

However, for large bundles in dispersions or in composites, no PL
is observed, as m-SWNTs provide nonradiative relaxation
channels.[62,302] SWNT-based SAs require the tubes in small
sub-micrometer bundles. Therefore, PL spectroscopy could be
used to confirm the presence of isolated SWNTs or small
bundles.[96]

6.3.5. Pump-Probe Spectroscopy

Pump-probe spectroscopy can be used to characterize SAs.[32] By
studying the transmission or reflection of the probe pulse, it is
possible to obtain information on the excitation decay (recovery
time of the SA) caused by the pump pulse. For SWNT-based SAs,
generally, a bitemporal response, composed of a fast and a slow
decay, is observed.[188,303] These are due to different time-scale
relaxation processes (interband and intraband, respec-
tively).[304,305] As an example, we have recently studied
commercially available SWNT (Carbolex Inc.) films with a
maximum absorption centered at 1.9mm using sub-100-fs
two-color pump-probe spectroscopy[188]. We found that these
SWNTs, spray-coated on a quartz substrate, have a 370 fs
relaxation time[188]. This shows that they are ideal to passively
mode-locke Tm and Ho lasers at �2mm.[188,306]

6.3.6. Z-Scan and Power-Dependent Transmission

Z-scan experiments probe the optical nonlinearities associated
with the change in refraction and absorption coefficient induced
by intense laser power.[84,185,307–310] The material is moved along
the waist of a Gaussian beam, as shown in Figure 9a. This results
in a variation of the laser-power density on the sample, which
reaches its maximum at the focal point. An analysis of the
transmitted beam through the sample as a function of the sample
position, Z, is carried out either in the open or in the
close-aperture scheme.[307–309] 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.[307]

A normalized Z-scan trace for a SWNT–polymer compo-
site, taken in near resonant conditions, is plotted in
Figure 9b. Here, SWNTs show strong saturable absorption
with �30% increase in transmission when the sample passes
the focal point.

Althoughnot as accurate asZ-scan, power-dependent transmis-
sion may also be used to study saturable absorption,[98,125,185] as
shown in Figure 10a. Bymeans of a variable optical attenuator, the
input power to the composite is varied. A reference signal is taken
using a coupler to measure the incident power. In contrast to
Z-scan, power-dependent measurements do not need a free-space
setup. A small composite (typically �2 mm2) can be directly
integrated between fiber connectors. Figure 10b shows normalized
mbH & Co. KGaA, Weinheim 3885
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Figure 9. a) Z-scan setup. L: laser, A: attenuator, D: photodetector, S:
sample. b) Z-scan measurement of a SWNT–polymer composite showing
change in transmittance due to change in incident laser intensity.

3886
power-dependent absorption measurements of a SWNT-polymer
composite. The absorption decreases as the input intensity
increases. The composite shows a0 � 13% and ans � 87%.
Ideally, the absorption at low input intensity should be small with
a large modulation depth, i.e., power-dependent change in
transmission (DT).
Figure 10. a) Experimental setup for power-dependent transmission
measurements. b) Normalized absorption of a SWNT–polymer composite
as a function of pump-pulse peak intensity at 1550 nm.

� 2009 WILEY-VCH Verlag Gmb
7. Nanotube Composites as Mode-Lockers for
Ultrafast Lasers

Mode-locking is a very effective method to generate ultrafast laser
pulses.[30,32,174] In general, at any given time, the relative phases
between oscillating laser modes randomly fluctuate.[30,32,174] If no
fixed-phase relationship exists, the laser output varies in time,
although the average power remains relatively constant.[32]

Locking modes in phase, i.e., mode-locking, can result in a train
of short pulses, temporally spaced by well-defined periods.[32]

Mode-locking techniques can be classified either as active or
passive.[30,32,174]

Active implies external modulation of amplitude or phase of
the oscillating light, with a repetition rate matched to the cavity
round trip time.[30,32,174] This may be achieved by inserting an
acousto-optical or electro-optical modulator inside the cav-
ity.[30,174]

Passive mode-locking involves self-amplitude modulation,
provided by an intracavity passive nonlinear device having high
loss at low intensity and low loss at high intensity, i.e., a SA
material.[30,32,174] Therefore, the loss modulation is provided by
the intracavity intensity itself, rather than being externally
controlled. This can generate shorter pulses, as self-modulation
can provide much stronger pulse-shaping than any active
electronic modulator.[30,32,174] More specifically, a SA works in
the cavity as an optical discriminator, transmitting optical pulses
with intensity higher than a certain threshold and suppressing
those below.[30,32,174] When the absorber is saturated, the overall
cavity gain exceeds the loss, enabling transmission of short
pulses. Then the recovery of the SA restores the intracavity loss to
a level higher than the gain, preventing lasing during the rest of
the round-trip time.

To date, SWNT-based SAs have been successfully used as
mode-lockers in fiber lasers,[94,96–98,145–148,153,156,186,191] wave-
guide lasers,[95] solid-state lasers,[149,150,189,311,312] and semicon-
ductor lasers[155] at 1, 1.3, 1.55, 1.6,[97] and 1.9mm.[152,207,313] A list
of SWNT-based mode-lockers, their performance ranges, and
specifications is presented in Table 1. The mode-lockers are
broadly classified according to the means of device integration. In
2003, the authors of Ref. [182] first introduced spray-coated
SWNT devices for mode-locking. Later, SWNT solutions[314–316]

and direct growth/transfer of SWNTs on substrates[184,207,323–325]

were also used. However, the abovementioned methods have a
number of disadvantages. For example, the spray-coated or
as-grown/transferred SWNTs on various substrates utilize
exposed SWNTs. In addition to being highly moisture-absorptive,
these devices can also be physically unstable.[328] They also
contain aggregates with dimensions compared to the devi-
ce-operation wavelength. These cause unwanted scattering losses.
The solutions are inherently unstable, and introduce additional
scattering losses from aggregates and bubbles. SWNTs embedded
in polymermatrices were first employed as SAs.[83] This approach
avoids the disadvantages of other methods. For example,
SWNTs can be embedded homogeneously in sub-micrometer
bundles, avoiding unwanted scattering losses. Also,
wet-chemistry-based processing allows easy and economic
integration into various photonic systems. Different polymer
matrices have been introduced to address various issues, in
particular, transparency at device-operation wavelength and
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 3874–3899
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Table 1. Lasers mode-locked by carbon nanotubes.

Type of mode-locker Type of SWNTs Laser type Operation

wavelength, nm

Typical Laser specifications

Pulse width Repetition Average power

SWNT solution Solution in D2O HiPco[314,315] F�2 :LiF
[315],

Er:glass [314]

1540 [314],

1150 [315]

< 1 ns [314] // //

SWNT-filled

microchannel

HiPco[316] EDF [316] 1566 [316] 2.3 ps [316] 2.56MHz [316] 22.4 mW [316]

Grown/

deposited/

transferred SWNTs

Optically driven

deposition

on fiber end

HiPco[317,318],

CoMoCAT [317]

Er [317,318,320],

Yb [317] -doped

fiber

1070 [317], 1560
[317,318], 1563 [320]

137 fs [317],

1.06 ps [318]

20.1MHz [317],

81.7MHz [317]

0.1 mW [317],

1.5W [318]

Spray coated HiPco [154,321],

CVD [149,151,155,

322,319],

Laser ablation [145]

Pr [321],

Tm [151],

Er [145,151,154,322],

Er:Yb [319] -doped

fiber, Solid-state

Er:Yb: glass [149],

Semiconductor

laser [155]

1294 [321], 1506 [151],

1550–1571
[145,149,151,

154, 155,322, 319],

1605 [151]

261 fs [149],

14 ps [155]

3.18MHz [321],

17.2 GHz [155]

16mW [155],

63 mW [149]

Grown/

transferred

Alcohol catalytic

CVD [184,323–325],

Catalytic CO

disproportionation

reaction [207]

Yb [207],

Er [184,207,323–

325], Tm [207]

-doped fiber

1050 [207],

1560–1565
[184,207,

323–325],

1990 [207]

440 fs [207],

1.14 ps [325]

6.62MHz [325],

50.4MHz [184]

22mW [325],

250 mW [324]

SWNT-polymer

Composite

NaCMC

composite

CoMoCAT [150],

HiPco [189],

Arc discharge [152,153]

Nd:glass [150],

Nd:GdVO4
[189]

and

Nd:Y0.9Gd0.1VO4

solid state glass [189],

Er [153], Tm [152]

-doped fiber

1000 [150], 1340 [189],

1555 [153], 1930 [152]

177 fs [153],

30 ps [189]

37MHz [152],

50MHz [153]

3.4 mW [152],

7 mW [153]

Polyimide

composite

Laser ablation
[124,150]

Er:glass solid state
[150], Er [124] -doped

fiber laser

1565 [124],

1570 [150]

68 fs [150],

165 fs [124]

23.2MHz [124],

85MHz [150]

1.2 mW [124],

80 mW [150]

PDMS

composite

HiPco [146,326] Yb [191], Er [146,326,327]

-doped, Tm-Ho [313]

co-doped fiber laser

1035 [146,191,327],

1885 [313]

235 fs [191],

1.5 ps [191]

13.3MHz [146],

50MHz [191],

155 mW [191],

1 mW [327]

PMMA

composite

HiPco [99,102,311],

Arc discharge [312]

Yb:KLuW [312],

Cr:forsterite solid

state [311], Er [99,102]

-doped fiber

1048 [312],

1250 [311], 1560 [102],

1562 [99]

115 fs [312],

1.9 ps [99]

5.3MHz [99],

89MHz [312]

50mW [102],

202 mW [311]

P3HT

composite

HiPco [101] Er-doped fiber [101] 1560 [101] 147 fs [101] 51MHz [101] 4.1 mW [101]

PC composite HiPco [100],

Laser ablation [96,98]

Er-doped fiber
[96,98,100]

1518–1558

tuneable [98], 1560
[96,100]

115 fs [100],

2.4 ps [98]

15MHz [98],

39 MHz[100]
0.36 mW [98],

3.4 mW [100]

PVA composite CoMoCAT [157],

Laser ablation
[94,95,97,

125,147,148,

156,158,159,

186]

Yb [157], Er
[94,97,125,147,

148,156,158,

159,186] -doped fiber,

waveguide [95]

1060 [157],

1532–1563
[94,95,125,

147,148,156,

158,159,186],

1601 [97]

123 fs [159],

20 ps–2 ns,

selective [157]

177 kHz–21MHz,

selective [157],

26.7MHz [97]

0.1 mw [95,125],

1.6W [158]
thermal, chemical, and environmental stability. Due to the ease of
integration of SWNT–polymer SAs into photonic systems, the
study of different device structures, for example using evanescent
interactions[146,191,313,327] or waveguide structures,[95,124] has been
pursued.

Performance-wise, the shortest pulse duration thus far
achieved is 68 fs by a mode-locked Er/Yb:glass laser.[150] The
authors of Ref. [150] implemented a SWNT–polyimide composite
Adv. Mater. 2009, 21, 3874–3899 � 2009 WILEY-VCH Verlag G
as SAwithmaximum absorption centered at around 1500 nm in a
Er/Yb:glass solid-state laser.[150] A repetition rate of 17.2GHz was
demonstrated in Ref. [155]. Themaximum output power reported
to date is 1.6W.[158] To realize various functions, different
configurations of SWNT-based SAs have been proposed, such as
evanescent-field interaction in a tapered fiber,[146,154,191,313,327] in
a D-shaped optical fiber,[322] and with vertically aligned
SWNTs.[323] Nevertheless, as seen from Table 1, compared to
mbH & Co. KGaA, Weinheim 3887
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solution or growth/transfer/deposition, the vast majority of
published literature focuses on SWNT–polymer SAs, due to the
inherent flexibility in the SWNT–polymer device fabrication and
ease of integration into the laser cavity. In the following, we
mainly review the advances of nanotube–polymer composites for
ultrafast pulse generation.
Figure 11. Schematics for a) SWNT-SA mode-locked bulk solid-state laser
with reflective type structure; b) SWNT-SA mode-locked bulk solid-state
laser with transmission type structure. Er/Yb:Glass, gain medium; M1, M2,
M3, and M4,optical mirrors; OC, Output coupler; P1, P2, prisms. Adapted
from [150,312].
7.1. SWNT–Polymer Mode-Locked Solid-State Lasers

The term ‘‘bulk solid-state laser’’ refers to a laser with a bulk piece
of doped crystal or glass as the gain medium, and discrete laser
mirrors placed around the crystal (or glass).[30] The beam
propagates in free-space between the gain medium and mirrors.
For mode-locking using SWNT-based SAs, various gain media
have been utilized at different wavelengths.[149,150,311,312,314,315]

SAs are usually deposited onto an optical component.[99] This can
be achieved by spin coating, and allows mode-locking of
monolithic cavities, for example microchip lasers or nonplanar
ring oscillators when the SA is directly applied on the laser
crystal.[150] After spin coating, post-processing, such as applica-
tion of antireflection, partial-reflection, or high-reflection coatings
is possible.[150] The SAs are then inserted into the air space with
reflective- or transmission-type structures, see Figure 11a [150] and
b.[312] As solid-state lasers allow much lower single-pass gain
(<10),[30] low insertion loss is critical for the SA design. This can
be controlled by the film thickness or SWNT concentra-
tion.[312,329]

SWNT–polymer composites were used as reflective SAs in
Ref. [150], where a thin SWNT–polymer composite was placed
onto a fused-silica dielectric mirror. This was coated with a TiO2/
SiO2 dielectric film, providing broad reflectivity bandwidth.
Using such mirrors, stable self-starting mode-locking (starting
from noise after turn-on of pump power) with pulse durations in
the femto- and picosecond regimes, was achieved.[150] The gain
media were Nd:glass and Er/Yb:glass, with output wavelengths
at 1 and 1.5mm, respectively. The authors of Ref. [149] also
demonstrated spray-coating of SWNT onto 30 pairs of anti-
resonant AlAs/GaAs-distributed Bragg reflector mirrors. This
quasi-antiresonant design was used to enhance the interaction
between the SWNTs and pump light.[149] SWNT–polymer
composites have also been deposited directly onto a quartz
substrate to form a transmission-type SA structure.[311,312] Using
this, mode-locked Yb:KLuW and Cr:forsterite lasers were
demonstrated with nearly transform-limited pulses as short as
115 fs (at 1mm) and 120 fs (at 1.25mm), respectively.[311,312]
7.2. SWNT–Polymer Mode-Locked Fiber Lasers

The development of compact, diode-pumped, ultrafast fiber lasers
as alternative to bulk solid-state lasers is fast progressing
because of their simplicity, compactness, efficient heat dissipa-
tion, and alignment-free waveguide format.[21,45,330–333] Thus
far, fiber lasers are the most commonly mode-locked with
SWNTs,[94,96–98,145–150,153,155–159,186,189,191] due to the ease of
coupling SWNT–composites into a fiber laser. In addition, they
normally require large modulation depths in order to stabilize the
� 2009 WILEY-VCH Verlag Gmb
intracavity pulses,[45] which can be provided by the relatively large
nonlinearity of the SWNTmode-lockers. It should also be noted
that for fiber lasers, the single-pass gain is appreciably larger
(several tens of dB) than solid-state gain media. Therefore,
nonsaturable losses are not a major issue.[98,149]

A range of polymer matrices have been used as the host for
SWNTs.[96,97,100–102,152,153] The performance of fiber lasers
mode-locked by SWNT composites is quickly approaching that
achieved with conventional techniques using SESAMs. The
spectral coverage of SWNT-enabled fiber lasers is superior to that
of conventional SESAMs, especially for the 31.3mm spectral
range. The SWNT SAs operating band can be selected by
varying the mean tube diameter.[152,207,313,317,321] So far,
SWNT-based SAs have successfully mode-locked Yb-doped
(�1mm),[207,317] Pr-doped (�1.3mm),[321] Er-doped (�1.5 and
1.6mm),[96,97,125,147,156,207] and Tm-doped (�2mm)[152,207,313]

fiber lasers.

7.2.1. SWNT Mode-Locked Soliton Fiber Lasers

To date, most passively mode-locked fiber lasers have employed
the soliton effect[21,332–335] for short pulse generation. However, a
detailed study of the mode-locking dynamics is still missing.

In this regime, near-transform-limited pulses preserving
temporal and spectral shape (i.e., behaving like solitons[21])
circulate in a cavity with anomalous group-velocity dispersion
(GVD).[21] Anomalous GVD facilitates soliton-pulse shaping,
through the interplay of GVD and self-phase modulation
(SPM), i.e., the phase modulation caused by the pulse’s own
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 3874–3899
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Figure 12. a) Output spectra. b) Output autocorrelation traces at seven
different pump levels (41.2, 43.8, 46.5, 49.2, 53.0, 55.7, and 58.2 mW).
intensity.[21,32] This type of laser is called a soliton fiber laser.[336]

The soliton period Z0 is defined as:[21]

Z0 ¼
p

2
LD ¼ p

2

T2
0

b2j j �
T2
FWHM

2 b2j j (4)

where T0 is the pulse’s half-width at 1/e-intensity, b2 is the

second-order dispersion coefficient, and LD is the dispersion

length defined by:

LD ¼ T2
0

b2j j (5)

For soliton fiber lasers, the nonlinear phase shift in one
round-trip is determined by the pulse energy and width.[21] This
limits the energy achievable with a soliton of given width, since
overdriven nonlinear phase shifts tend to cause instability.[337–339]

Another mechanism that may adversely affect mode-locking is
side-band generation, where the energy of the soliton pulses is
resonantly coupled into the accompanying dispersive
waves.[21,340] These give discrete and well-defined peaks in the
optical spectrum of the soliton pulses.[340] When the power of
these dispersive waves reaches the lasing threshold, they tend to
deplete the gain of the laser, and subsequently destabilize
mode-locking.[341,342]

To clarify the applicability of SWNT–polymer composite SAs in
mode-locked ultrafast fiber lasers and to provide insights on the
design guidelines for such devices, we assembled a fiber ring
cavity comprising a 9.7 m fiber with mean cavity dispersion
b2,ave¼ –27.5 ps2 km�1.[156] In addition, to get the shortest pulse,
we also measured the mode-locking dynamics while increasing
the pump power.[156] The mode-locker used in the cavity was a
�50mm SWNT–PVA composite with modulation depth, Isat, and
ans of 16.9%, 18.9 MWcm�2, and 82.5%, respectively. Self-
starting mode-locking was observed at a pump power of 40mW.
Figure 12a and b show the dynamic change of the optical spectra
and output autocorrelation traces when the pump power is
increased. At 58.2 mW, we achieved a pulse duration of �640 fs.
When pumping was further increased, the output became
unstable and the pulse broke into multiple uncontrolled pulses.
Both temporal and spectral trends shown in Figure 12a and b
confirm soliton operation.[156] The threshold pump power
(�60mW) for single-pulse per round-tripmode-locking coincides
with observation of spectral instability (i.e., the generation of
sub-sidebands). This strongly indicates that the growing strength
of the dispersive wave may be the mode-locking destabilizing
factor.[343] Generally, soliton sideband generation arising from
periodic cavity perturbations plays a major role in limiting the
stability of fiber ring lasers when L¼ 1Z0 or 2Z0 (where L and Z0

are the cavity length and soliton period, respectively)[334,336] or the
nonlinear phase shift per cavity round-trip approaches 3p/2.[337]

Assuming a 600 fs average pulse duration inside the cavity, the
soliton period, as defined by Equation 4, is Z0¼ 6.55m. This gives
L¼ 1.48 Z0. The nonlinear phase shift is more difficult to
estimate, since the pulses experience discrete loss and gain within
the cavity. The soliton power before and after the output coupler is
used to estimate the upper and lower limits of the average soliton
peak power. This gives a nonlinear phase shift of 1.1p–2.3p per
Adv. Mater. 2009, 21, 3874–3899 � 2009 WILEY-VCH Verlag G
round trip, and confirms that sideband generation and overdriven
nonlinearities, rather than the SWNT mode-locker, are the
limiting factors for this laser.

7.2.2. SWNT–Polymer Mode-Locked Stretched-Pulse Fiber Lasers

Pulse durations of 115 fs at 1550 nm[100] and 137 fs at 1mm[317]

were reported for soliton-like operation, with the majority of
mode-locked soliton fiber lasers giving pulses between 200 fs and
1 ps.[94,96–98,145–148,153,156,186,191] Enhanced nonlinearity due to
strong confinement of the propagatingmode and long interaction
distance in the fiber cavity are believed to prevent the generation
of sub-200 fs pulses.[337–339] To overcome this restriction, a
dispersion managed cavity, known as stretched-pulse, based on
fibers with alternating dispersion, may be used.[336]

As shown in Figure 13, a stretched-pulse fiber laser uses
segments of fiber with large positive (group velocity increasing
with decreasing frequency) and negative (group velocity increas-
ing with increasing frequency) dispersion, whereby a small
positive overall GVD is achieved.[336–339,344] The pulse maintains
minimum duration only over portions of fiber, and accumulates
less nonlinear phase shift. This reduces the nonlinear phase shift,
creating pulses with larger energies than those in the soliton
regime.[336]

We designed a stretched-pulse fiber ring cavity using
fibers of alternating dispersion.[187] A Er3þ fiber with
an estimated dispersion of b2¼þ36 ps2 km�1 was the gain
medium. The rest of the laser was constructed from Flexcor 1060
mbH & Co. KGaA, Weinheim 3889
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Figure 13. Simplified schematic of stretched-pulse fiber laser with the
intracavity dispersion map (above) and pulse-width distribution (below).
Normal (positive) and anomalous (negative) dispersion are marked with
different colors [159].

Figure 14. a) Typical output spectrum of a stretched-pulse laser cavity.
Center wavelength �1.56mm and FWHM �32 nm. b) Autocorrelation
traces of output pulses after �0.003 ps2 (solid circles) and � (�0.03)
ps2 (open squares) fiber patchcords.
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(b2¼�7 ps2 km�1) and Corning SMF28 (b2¼ –22 ps2 km�1)
fibers with negative dispersion. Their length was adjusted so that
the total intracavity GVDwas�(�0.008� 0.005) ps2. Self-starting
mode-locking was observed at a pump power of �12.8mW.[187]

Figure 14a shows an output spectrum with a central wavelength
of �1560 nm. Unlike soliton fiber lasers, no sidebands are
observed. Figure 14b plots the autocorrelation traces of the output
pulses after passing through different lengths of external GVD
patchcords. Assuming a Gaussian temporal profile, typical of
stretched-pulse lasers,[336,338,339] the data deconvolution gives a
�123 fs pulse after 0.003 ps2 fiber patchcord, and a�961 fs pulse
after �0.03 ps2. This indicates that the output pulse stretches
approximately eight times after the�0.033 ps2 fiber. Considering
the pulse evolution and the –0.096 ps2 intracavity fiber between
the coupler and the EDF, the stretched-pulse design is confirmed.
It should be noted that the wider and cleaner spectrum (full-width
at half-maximum, FWHM, �32 nm) from our laser implies the
possibility to get sub-100 fs pulses. The pulse duration is likely
limited by the uncompensated third-order dispersion (TOD) of
the cavity.[21,345] Since the TOD is typically proportional to the
fiber length, by reducing it, shorter pulses may be obtained.

7.2.3. SWNT Mode-Locked Tunable Fiber Lasers

Ultrashort-pulse lasers with spectral-tuning capability have
widespread applications in spectroscopy, biomedical research,
and telecommunications.[335] The inclusion of a broadband SA
can offer tunability over a range of wavelengths, unlike SESAMs.

Compared to SESAMs, SWNT-based SAs possess a much
wider operating range[97,98,207,313] due to the inherent inhomo-
geneity of diameter (band gap) in as-prepared SWNTsamples. To
realize tunable fiber lasers using SWNT–polymer SAs, we
fabricated a �40mm thick SWNT–PC composite with a broad
absorption band (�300 nm) centered at 1.55mm[98] using SWNTs
of 1–1.3 nm diameter, covering the S, C, L, andU bands, as shown
in Figure 15.[346] Figure 16 plots the power-dependent transmis-
sion of the composite. The modulation depth and saturation
intensity are 12% and 5.8 MW cm�2, respectively.[98] The very
slight change of modulation depth implies an operating range
much larger than 30 nm.
� 2009 WILEY-VCH Verlag Gmb
The schematic of the tunable fiber ring cavity is shown in
Figure 17. We achieved the best tuning results when the
SWNT–PC mode-locker was placed at the input of the gain fiber.
When the SWNTmode-locker is not present, CW lasing could be
extended from 1518 to 1565 nm by feeding more pump power to
the Er3þ fiber. A tuning range of 40 nm (1518–1558 nm) is
possible in this setup.[98] Figure 18a illustrates the output
autocorrelation traces and spectra at several wavelengths. The
pulses are expected to have a sech2 shape.[21] This gives an average
pulse duration of�2.39 ps over the tuning range. By employing a
tunable filter with larger pass-band, shorter pulses may be
obtained.[344] Figure 18b shows the spectra at different center
wavelengths. They stay fairly flat over the 40 nm tuning range.
The soliton sidebands are suppressed as a result of the spectral
filtering effect of the intracavity filter.[344] For comparison, the
laser output when no filter is present is shown in Figure 18b. The
output pulse is now 706 fs, and soliton sidebands appear because
of periodic cavity perturbations.

Note that the operating bandwidth of SWNTs is not the
limiting factor for tunability. In principle, this setup could enable
tuning for other bands, such as S (1460–1530 nm) and L
(1565–1624 nm), if gain fibers and tunable filters at these
wavelength ranges were available. Recently, a single SWNT SA
device was used to demonstrate mode-locking of three lasers at
discrete wavelengths spanning 1mm (from �1mm to �2mm).
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 3874–3899
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Figure 16. Power dependent absorption measurement of a SWNT SA
composite at seven different wavelengths. The pump power ranges from
�3mW to �3mW.

Figure 17. Laser setup and mode-locker assembly. This schematic shows
the standard fiber-optic components, such as an optical isolator (ISO), a
wavelength division multiplexer (WDM), a coupler, and a polarization
controller. The total length of the cavity is �13.3 m. Adapted from [98].

Figure 15. Absorption spectra of a SWNT-PC composite and pure PC. The
stripes show the telecommunication windows that can be potentially
covered by this composite. S band: 1460–1530nm, C band:
1530–1565nm, L band: 1565–1625nm and U band: 1625–1675 nm.
Adapted from [98].
This again confirms the ultrawide operating bandwidth of SWNT
SAs.[207]

7.2.4. Power Scaling in SWNT-Polymer Mode-Locked Fiber Lasers

The scaling of output power is key to developing fiber-laser systems
for micromachining, surgery, and other applications.[24,31,32,45,335]

Highoutputpower canbeachievedwith solid-state lasers.[149,150]By
usingaSWNT–polyimideSAmirror, anaverageoutputpowerofup
to 80mW was reported for an Er/Yb:glass solid-state laser.[150]

Higher powers for SWNTmode-locked fiber lasers were achieved
using non-transmissive SAs.[146,154,191,322–324] Unlike conventional
transmissive type devices, these employ evanescent-field interac-
tion with SWNTs.[324] By using a tapered fiber embedded in a
SWNT–polydimethylsiloxane composite, 594 fs pulses with an
averagepowerof23mW(1.7nJpulseenergy)weredemonstrated in
Adv. Mater. 2009, 21, 3874–3899 � 2009 WILEY-VCH Verlag G
Ref. [146].TheuseofverticallyalignedSWNTsgrownonaD-shaped
fiber allowed an output power of 250 mW (6.5 nJ pulse energy) for
�1pspulses.[324]Anall-fiberversionofnormal-dispersion laserwas
reported, generating 1.5 ps, 3 nJ pulses that could be compressed to
250 fs duration outside the cavity by dispersion compensation.[191]

Alternatively, the power can be boosted by adding an amplifier,
such that it becomes a master oscillator power amplifier (MOPA)
system.[30,318] We believe this to be the best solution to overcome
the limitations set by the overdriven nonlinearity caused by
increased power within the laser cavity. Using a MOPA
mode-locked by SWNT-based SAs, we achieved 1.6W average
output power at 1550 nm, corresponding to energy per pulse of
65 nJ.[158]

Recently, we also demonstrated selectable pulses with
durations ranging from 20 ps to 2 ns at repetition rates between
21MHz and 177 KHz in a passively mode-locked Yb fiber laser
with a SWNT-based SA.[157] The output pulses are over 600 times
their transform-limited duration, which could be used for a
simplified chirped-pulse amplification system capable of produ-
cing an output of 10W or even higher.[158] This is very promising
for commercial and industrial applications, as it can provide a
cheap, compact, and stable system.[23,157,158,335]

7.3. SWNT–Polymer Mode-Locked Waveguide Lasers

Passive mode-locking of waveguide lasers is interesting due to
their inherent simplicity and compactness.[95] For example, Er/
Yb-doped-glass waveguides can produce large gains over very
short lengths, allowing compact cavities and high repetition
rates.[95,335] Such lasers could generate low-noise and inexpensive
light sources for applications in optical communications, optically
sampled analog-to-digital converters, etc.

We demonstrated mode-locking in an active waveguide laser
manufactured by femtosecond laser writing.[95] This is a simple
and inexpensive technique that avoids any photolithographic
process and allows three-dimensional fabrication. After laser
mbH & Co. KGaA, Weinheim 3891
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Figure 18. a) Autocorrelation traces of laser output at different central
wavelengths (dashed line, laser output without bandpass filter.) All traces
do not show pedestals (low-intensity backgrounds), indicative of single-
pulse operation and reflection-free design. b) Output spectra at seven
different wavelengths.

Figure 19. Schematic setup of a waveguide laser cavity configuration.
Adapted from [95].
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inscription, both end-facets of the waveguides were polished. A
36-mm-long waveguide with insertion losses of 1.9 dB (�65.5%)
was used.[95] Broad net gain over the whole C band was observed,
with 7.3 dB peak gain at 1535 nm for an incident pump power of
460mW. A schematic is shown in Figure 19. The SWNTpolymer
composite was packaged by sandwiching the film in the fiber
pigtailed FC/PC connector with index-matching gel at both fiber
ends. The autocorrelation trace had an FWHM of 2.72 ps,
corresponding to a pulse duration of 1.76 ps, indicating
transform-limited output pulses. The carrier-to-noise ratio of
65 dB (106.5 contrast) showed low timing jitter (deviation of the
temporal pulse positions from those in a perfectly periodic pulse
train) from the radio-frequency spectrum.[347]

An upgraded version of this technology, using the same
waveguide gain section with SWNTs incorporated into a
monolithic laser structure, could provide very compact sources
with high repetition rates of up to 3GHz. An even higher
� 2009 WILEY-VCH Verlag Gmb
repetition rate could be achieved by decreasing the length of the
waveguide gain section.[95,348]
8. Graphene–Polymer Composites as
Mode-Lockers for Ultrafast Lasers

Graphene is the latest carbon allotrope discovered, and it is now at
the center of a significant research effort.[349–355] Near-ballistic
transport at room temperature and high mobility[354–359] render it
a potential material for nanoelectronics,[360–363] especially for
high-frequency applications.[364] Furthermore, its transparency
and mechanical properties are ideal for micro- and nanomecha-
nical systems, thin-film transistors, and transparent and
conductive composites and electrodes.[365–368]

A single graphene layer absorbs �2.3% per layer in
the visible–IR excitation range, and this scales linearly with the
number of layers until �6–10 layers.[369–371] It is thus immediate
to consider if this could be a viable material for mode-locking.
The ultrafast carrier dynamics of one and few-layer graphene
was recently studied,[372–374] yielding relaxation time constants
comparable to those observed in nanotubes.[82–86,373–376] Unlike
SWNTs, the optical absorption spectra of chemically unmodified
graphene is featureless from visible to near-IR.[377] It is possible to
reach saturable absorption for high-enough power, due to Pauli
blocking.[378] This, combined with the ultrafast carrier dynamics
and large absorption of incident light per layer,[369–371] makes one
and few-layer graphene fast saturable absorbers from the visible
to IR light range.

Following a solution-processing strategy similar to that for
SWNTs,[367] we have recently produced a polymer composite
homogeneously embedding sub-micrometer flakes of single and
few-layer graphene.[378] We observed saturable absorption over at
least a 20 nm range. Further characterization of wavelength
tunability was only limited by our setup. We then tested
mode-locking at 1550 nm using a fiber laser setup similar to
the one shown in Figure 17, but without the tunable filter. Typical
laser outputs are shown in Figure 20. The center wavelength is
1557nm, with a 3.2 nm bandwidth, and pulse duration
�800 fs.[378] The time–bandwidth product is 0.317, close to the
theoretical value of 0.314 for Fourier-transform-limited sech2
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 3874–3899



R
E
V
IE

W

www.advmat.de

Figure 20. Graphenemode-locked laser performance: a) output spectrum,
peaked at 1557 nm, b) output autocorrelation trace. The pulse duration is
800 fs. Adapted from [378].
pulses, indicating that the pulse is as short as allowed by the
spectral bandwidth.[21] Further cavity optimization, such as
intracavity group dispersion management, could be used to
achieve even shorter pulses. This composite is expected to
mode-lock from visible to IR, due to the broad absorption range of
graphene. For specific wavelength applications, however, the
SWNT-based SAs, when optimized for diameter, are expected to
have better performance.
9. Conclusions and Prospective

We reviewed the recent progress in the use of SWNT–polymer
and graphene–polymer composites as saturable absorbers for
generation of ultrashort laser pulses through passive mode-
locking.

To date, planar, two-dimensional nanotube–polymer compo-
sites havemostly been used due to their ease of preparation. From
materials to processing, SWNT–polymer composites hold great
promise due to their inherent advantages in fabrication and
device integration, and the prospective of easy integration in
polymer-based photonics.

Graphene also shows saturable absorption due to Pauli
blocking[378] and can be deployed in mode-locked lasers, using
a similar wet-chemistry strategy to SWNTs. Compared to SWNTs,
graphene could have an ever broader operation and tunability
range.

Thus far, only as-produced, heterogeneous nanotube samples
randomly embedded in optical polymers have been used. The
performance of these materials and the resulting devices is
limited by the redundant, off-resonance tubes (whose band gaps
are different from the device-operating wavelengths), as well as
host polymers. Sorting/enrichment[196,251,379–381] of SWNTs
according to their diameter/band gap and electronic type opens
the opportunity to further optimize device performance. For
example, enriching a sample with (10,9),(12,7),(16,2),(17,0) tubes
would be highly desirable for telecommunication applications
specifically targeted at 1550 nm, since their eh11 absorption
ranges from 1545 to 1561 nm.
Adv. Mater. 2009, 21, 3874–3899 � 2009 WILEY-VCH Verlag G
The relaxation of excited states in s-SWNTs plays an important
role in defining the pulse width. Since this is expected to decrease
in the presence of m-SWNTs, tailored bundles of m-SWNTs and
s-SWNTs could be created to optimize the devices.

Alignment of SWNTs is another potentially important strategy
for better device performance, due to the high anisotropic
interaction of SWNTs with light.[382] In aligned SWNTs, absorption
is maximum when polarization is parallel to the alignment
direction.[194,382] Alignment can be achieved by stretching the
composite,[194,201,280,383] or fabricating composites using the
Langmuir–Blodgett technique.[384–386] This can increase saturable
absorption without increasing non-saturable losses.

Long-term stability and unwanted optical absorption/scatter-
ing from the host polymer are two other issues where significant
improvement can be achieved. In this regard, silicone and
hyperbranched fluorinated polymers offer better solutions. In
particular, the latter has excellent transparency at telecommuni-
cation wavelengths, strong hydrophobicity, and long-term
environmental and thermal stability.[1,209,213,215,216,218]

A variety of other SWNT-based devices can be explored in
future research. Aligned SWNTs could be used for birefringence
filters and polarization rotating devices. Quantum-dot lasers
could be mode-locked by integrating SWNT saturable absorbers
directly into the dot laser cavity to achieve high repetition rates.
SWNTs could be placed in index-matching gels, either in an
external cavity or a trench. Microdisc and slab lasers could be
fabricated with SWNT nonlinear elements. SWNT saturable
absorbers could be placed into vertical-cavity surface emitting
lasers. Ring lasers could be mode-locked in a hybrid way, by
injection of the optical clocking signal into SWNTs (perpendicular
to the lasing beam). Phase modulation mode-locking, using a
similar scheme, but with wavelength off-resonance, could be
explored. Multiple saturable absorbers could be used for
harmonic mode-locking. Sol–gel structures could be fabricated
with Er3þ and SWNT doping, to be applied as optical amplifiers
and as compact waveguide lasers. A variety of active and passive
devices with SWNTs composites could be fabricated for
applications including, but not limited to, optical regeneration,
pulse reshaping, dispersion compensation, pulse compression.
SWNT have the potential to be used in optical gates (such as
Mach–Zehnder interferometers) and ultrafast optical-sampling
systems. Phase-conjugation devices could be realized for
wave-front-aberrations and polarization-distortions removal.
SWNT could be also placed in electro-optical modulators and
micro cavities (Fabry–Perot). Photonic devices based on Franz–
Keldysh/Stark effects could be realized. Optical waveguides could
be engineered, incorporating nanotubes. The above devices could
also be based on graphene.

The feasibility of SWNTs lasing (nanolasers based on CNTs as
active medium) need also be investigated. Two-dimensional
nanotube arrays could also be used for deep-UV photonic crystals
and total visible absorbers.[371]

Non-carbon nanomaterials can also be considered, for
example, nanowires with promising optical properties, such as
PbS, PbSe, CdSe, and Silicon.[387,388] Boron Nitride nanotubes
would be quite suitable for UV applications due to their large
band gap.[389]

In conclusion, nanotubes have enabled a new technology,
specifically exploiting their electronic and optical properties,
mbH & Co. KGaA, Weinheim 3893
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which has improved the mode-locking performance of fiber
lasers. These are key components in the photonic industry, but
also have significant potential for deployment in applications
such as laser cutting, welding, drilling, marking/engraving,
microprocessing, surgery, and sensing, which serve a wide range
of industries including automobile, aerospace, semiconductor,
medical-device manufacturing, etc.
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