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Carbon nanotubes possess not only outstanding mechanical, electrical and thermal properties but
also unique nonlinear optical properties. In this Feature Article, we review the recent developments of
the carbon nanotube and its composites for nonlinear optical applications. Two research hot spots
are discussed: optical limiting for laser protection and the saturable absorber as a mode-locking
component for ultra-short pulsed lasers. The physical mechanism, materials and devices are intensively
introduced for each application. All of the investigations indicate that the carbon nanotube is one of the
main competitive candidates for next generation of photonic components.

1. Introduction

Nonlinear optics, which studies the interaction of intense light
field with matter, is a relatively new field in physics with lots of
fundamental scientific and technological potential."* Generally
speaking, all materials including gases, liquids and solids, can
exhibit nonlinear optical (NLO) responses under high intensity
light illumination, the magnitude of which is determined by their
intrinsic properties. By distinguishing the origin of nonlinearity,
the NLO materials can be divided into molecular materials
(e.g. organic molecules, organic crystals and polymers) and bulk

“School of Physics and the Centre for Research on Adaptive Nanostructures
and Nanodevices (CRANN), Trinity College Dublin, Dublin 2, Ireland.
E-mail: wblau@tcd.ie; Fax: +353 1 896 2151, Tel: +353 1 896 1708
"Key Lab for Advanced Materials, Department of Chemistry, East China
University of Science and Technology, 130 Meilong Road, Shanghai
200237, China

T This paper is part of a Journal of Materials Chemistry theme issue on
organic non-linear optics. Guest editor: Seth Marder.

materials (e.g. inorganic crystals, metals and semiconductors).
The nonlinearity in the former is determined by the structure of
the individual molecules, while in the latter the nonlinearity is
related to the electronic characteristics of the bulk materials.

Following the rapid development of nanotechnology in the
past few decades, a large number of nanomaterials have been
shown to possess remarkable NLO properties, which motivates
the design and fabrication of nano and nano-scale photonic
and photoelectronic devices.* The most representative products
of nanotechnology are carbon-based nanomaterials: from 3D
carbon black or nanoparticles,>® to 0D fullerenes,”® to 1D
carbon nanotubes (CNTs),**? and then to 2D graphenes'*'
discovered most recently. In addition to the outstanding
mechanical, electrical and thermal properties,’>'® the unique
NLO properties of CNTs have generated much research interest
from both experimental and theoretical aspects.®~'>1%2!

In this Feature Article, we review the recent development of
pristine and functionalized nanotubes for NLO applications.
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Before the detailed discussions, it is interesting to note in Fig. 1
the Z-scan curves of CNT dispersions* and sprayed films.??
Z-scan is a simple but powerful technique to characterize the
NLO properties of materials, including nonlinear absorption,
scattering or refraction.?* In this method a laser beam is focused
by a convex lens to create an intensity-spatially-varied optical
field. When an optical material is moved around the focal point
along the z-axis, one can readily obtain information on the
variation of transmission against incident intensity, and hence
the nonlinear parameters of interest. As shown in Fig. la, the
total transmission of nanotubes in liquid dispersions decreases
as the intensity of the incident beam is increased. That is to say,
the nanotube dispersions can effectively suppress the higher
intensity light but allow high pass for the lower intensity light.
On the contrary, in Fig. 1b the transmission of the CNT films
increases as the incident power increases, ie. the nanotube
films can largely eliminate the low-intensity background
noise resulting in the enhanced high-intensity signal. Regardless
of the different laser sources used, the different nonlinear
responses in Fig. 1 reveal two important applications of CNTs:
optical limiting for laser protection and saturable absorber as
a mode-locking element for ultra-short pulsed lasers. It is the
CNT, a versatile material, which exhibits alternative nonlinear
responses for different requirements. In the next two sections
we discuss systematically the mechanisms, materials and devices
of these two applications.

2. Optical limiting

Following the invention of the laser, it was recognized that intense
laser beams can easily damage delicate optical instruments,
especially the human eye. Nowadays, lasers have become
common in daily life, so much so that they are being incorporated
into toys. Thus, protection from lasers is not only a scientific
subject but also a potential public safety issue.''* The protection
of such instrumentation has led to comprehensive and extensive
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Fig.1 Typical open aperture Z-scan data with normalized transmission
plotted as a function of sample position Z. (a) Nanotube dispersions for
nanosecond laser pulses at 532 nm?* and (b) nanotube films for pico-
second laser pulses at 1550 nm.?

research in the field of optical limiting. Fig. 2(a) illustrates
a concept response of optical limiters. A successful optical limiter
should strongly attenuate intense and potentially dangerous laser
beams, while exhibiting high-transmittance for low-intensity
ambient light. Up to now a number of organic and inorganic
materials, including fullerenes,”®*  phthalocyanines,?”*°
porphyrins,®**?  inorganic nanoparticles'>**3* and metal
complexes and clusters®® have exhibited strong nonlinear extinc-
tion (viz., absorption and/or scattering) for high-intensity light
and hence could be considered as viable optical limiting materials.
In the past decade, CNTs have been extensively studied as an
optical limiting material.>** Tt is appealing that the nanotubes
combine the advantages of the other two allotropes—carbon
black has broadband optical limiting and the fullerene acts as
a favourable counterpart for functional materials. CNTs exhibit
a significant optical limiting effect covering a broad wavelength
range from the visible to the near infrared (NIR). Most impor-
tantly, the advantage of nanotubes manifests itself in tailorable
chemical properties by binding functional materials, e.g. metal
nanoparticles, organic molecules and polymers, forming versatile
optical limiting composites.'?
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Fig. 2 (Left) The response of an ideal optical limiter. (Right) Illustration of the formation of scattered centers in CNT dispersions. Al: nanotubes
absorb the incident laser energy and transfer the thermal energy, hence the surrounding solutions are evaporated, resulting in the formation of gas
bubbles with nanotube nuclei; A2: the initial bubbles expand quickly due to the large pressure difference at the vapor—solution interface. When the size of
bubbles grow to the magnitude of the incident light wavelength, the bubble clouds can effectively scatter the incident beam, resulting in the reduction of
transmission; B1: nanotubes could directly be ionized by the high intensity laser pulses, forming microplasmas; B2: the fast expansion of microplasmas
results in the formation of scattered centers, followed by the attenuation of the incident beam.

2.1 Mechanisms

There exist two main mechanisms that constitute optical limiting:
nonlinear absorption (NLA) and nonlinear scattering (NLS).'*%
Based on different materials and absorption mechanisms, the
former can be divided into: multi-photon absorption (MPA)
(organic molecules, crystals, quantum dots, ezc.),’” reverse satu-
rable absorption (RSA) (fullerenes, phthalocyanines, porphyrins,
etc.) #2831 and free-carrier absorption (FCA) (i.e. semiconductor
nanoparticles, metal nanocomposites, ezc.).>*3* The NLA-based
optical limiting materials generally dominate fast response time in
the picosecond (ps) regime, while the response spectral region is
relatively narrow due to the limit of the resonance wavelength.
Scattering may play the most common role for the optical
phenomenon involved in nanomaterials.’* In the scattering
process, the high intensity beam is dispersed in order to have
larger spatial dimensions and, hence, a reduction in the intensity is
achieved. According to the Mie scattering theory, the light beam
cannot be effectively scattered by nanoscale particles alone. The
effective scattering must come from the formation of scattering
centers, the size of which is in the order of the wavelength of the
incident laser beam. In general, the induced dynamic scattering
centers originate from: the generation of solvent bubbles, the
ionization of nanoparticles and the refractive index discontinuity
due to the thermal effect of the solvents surrounding the nano-
particles. The scattered intensity from such Mie scattering centers
is not sensitive to the incident wavelength, resulting in a broad
response wavelength region.

The mechanism leading to the optical limiting effect in pristine
nanotubes has been investigated by many researchers.®3%4*
Thermally induced NLS is generally accepted as the principal
mechanism for optical limiting. As illustrated in Fig. 2(b), the
induced scattering centers consist of two origins: the formation
and growth of solvent bubbles, which is due to the thermal
energy transfer from the nanotubes to the solvent; and the
formation and expansion of carbon microplasmas, which is due
to the ionization of nanotubes. The former takes place at the
lower incident energy fluence, while the latter takes place at
higher fluences. The Mie scattering theory was applied by Vivien
et al. to model the extinction scattering profile in nanotube
suspensions.** The evolution of the size and concentration of

scattering centers in suspensions were estimated by assuming that
the solvent/carbon vapour bubbles are uniform spheres and
neglecting multiple scattering. Experimentally, the scattering
angular profile with the characteristics of Mie scattering was
observed by O’Flaherty et al. from CNT/polymer dispersions,
where the multi-walled CNTs possess long rodlike cylindrical
structures.** However, to the best of our knowledge, there still is
a lack of a full theoretical description of NLS in nanotube
suspensions. Belousova et al. developed a theoretical model to
explain the optical limiting of carbon nanoparticles.**® In this
model, the whole limiting process is described theoretically by
three steps: the dynamics of the formation and expansion of
solvent vapour bubbles; the Mie scattering of the expanding
bubbles; and the nonlinear propagation through the scattering
medium. Although the objects of modeling are quasi-spherical
carbon nanoparticles, the Mie theory-based prediction works
qualitatively for nanotubes and is helpful for understanding
bubble growth dynamics and thus the optical limiting process in
CNT suspensions. For instance, one can tell the inside pressure,
expansion rate and radius of gas bubbles as functions of illumi-
nation time; the onset time of boiling, temperature and radius of
gas bubbles as functions of illumination energy density. Fig. 3
illustrates the changes of the absorption and scattering cross
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Fig. 3 Variations of (1) absorption and (2) scattering cross sections as
radius of gas bubbles in carbon nanoparticle suspensions.*
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sections of carbon nanoparticles as functions of the bubble size
after Belousova’s simulation.*® The scattering cross section
increases significantly with the increasing size of vapor bubbles,
meanwhile the absorption cross section decreases until it is
negligible when the bubbles grow, effectively limiting the incident
power.

One usually evaluates the optical limiting performance of
CNTs by comparing it with some standard nonlinear materials,
e.g. Cgo. However the comparison results appear to be incon-
sistent. For example, Vivien et al. demonstrated that the single-
walled nanotube suspensions in water/surfactant have better
optical limiting responses than those of Cgy solutions.** Mean-
while, Mishra et al observed the superior optical limiting
responses from Cgo solutions rather than those from single-
walled nanotube suspensions in water.*® The above-mentioned
results reveal that the optical limiting properties of CNTs can be
influenced by many effects, such as bundle size, solvent property,
wavelength, pulse width of incident laser, etc. Table 1 summa-
rizes the factors that influence the optical limiting performance of
nanotube suspensions. There are two intrinsic parameters
affecting optical limiting: the structure of the CNTs and the
thermodynamical properties of the solvent used to disperse the
nanotubes. Whereas the length of nanotubes has relatively less of
an effect on the optical limiting properties the bundle diameter
has been proven to have strong influence.’**! Provided that the
bundle diameter keeps constant, the nanotubes with longer
length or larger aspect ratio exhibit a better NLO response.>3
The nanotubes with the largest bundle size have the biggest initial
scattering centre size, more effective heat transfer from nano-
tubes to solvents, and hence the fastest solvent bubble growth,
resulting in the lowest limiting threshold and the best limiting
efficiency. It is difficult to distinguish which is the best material
for an optical limiter: single-walled nanotubes or multi-walled
nanotubes. For the both, the crucial effect for optical limiting is
still the diameter size, rather than their specific structures.
Furthermore, the thermodynamical properties of the solvents
make a significant contribution to the limiting performance of
nanotube suspensions. For instance, nanotubes, dispersed in
a solvent with a lower boiling point, show a lower limiting
threshold and a better limiting effect;*® the heat-induced solvent
bubbles grow much faster in a solvent with lower surface tension,
thus the bubbles can reach the critical size in a shorter time for
effective scattering, resulting in a faster limiting response.*® In
addition, nanotubes possess better optical limiting performances

with an incident beam with shorter wavelength, longer pulse
duration,®* as well as lower repetition rate,® which can be
easily explained by the thermally induced NLS mechanism.
Overall, we can tell from Table 1 that all of the effects tightly
correlate with the dynamic process of the scattered centers.

2.2 Materials

Carbon nanomaterials contribute a lot to optical limiting
applications. Carbon black suspensions (CBSs), carbon nano-
particles, fullerenes, and CNTs all exhibit a remarkable
nonlinear extinction effect with intense laser beams. As we
mentioned above, the optical limiting performance of nanotubes
can be improved by functionalization with metal nanoparticles,
organic molecules and polymers. In this subsection, we introduce
some representative works on CNTs and functionalized nano-
tube composites for optical limiting.

Following the investigation of CBSs for optical limiting,
people started to realize that the CNT could be a new class of
carbon nanomaterial for optical limiting in 1998. The research
groups at the National University of Singapore reported for the
first time the optical limiting property of nanotube suspen-
sions.”*® The broadband optical limiting response was demon-
strated using nanosecond (ns) laser pulses and NLS was
proposed as the primary mechanism for optical limiting. In
addition, the wavelength, solvent and bundle size effects were
considered in their works. Fig. 4 shows the nonlinear responses
of a mixture of nanotubes, nanoparticles and Cgo at different
wavelengths. It clearly tells us the difference between NLS-
dominated nanotubes/nanoparticles and RSA-dominated Cgg: as
the exciting laser light moves towards the longer wavelength
region, the nonlinear response from Cgy vanishes gradually,
whilst the nanotubes still exhibit effective optical limiting effect.
As shown in Fig. 4(a), the nonlinear transmission of the CNT
suspension has a distinct discontinuity, corresponding to
a limiting threshold. The transmission is roughly constant when
the energy fluence is below the threshold. When the incident
fluence exceeds the threshold, the transmission decreases signif-
icantly. The limiting threshold implies that the nanotubes
transfer enough heat energy to the surrounding solvent to cause
the solvent to vaporize and grow to the critical size, in order to
effectively scatter the incident beam. In contrast, the trans-
mission of the Cgy decreases with increasing incident energy.
There is no evidence of the limiting threshold for Cgy in the

Table1 Summary of the factors that influence the optical limiting responses of CNT dispersions. The signs of inequality indicate the contrast of optical

limiting responses

Scattered centers Effects on optical limiting Optical limiting response Ref.
1. Solvent bubbles (Lower Structure of CNTs SWNT, MWNT SWNT = MWNT 51
formation threshold, slower Bundle diameter The larger > the smaller 50,51
scattering response). Length The longer = the shorter 51-53
Aspect ratio The larger > the smaller 53
Number density The denser > the sparser 22
2. Carbon microplasmas (Higher Physical properties of dispersant Boiling point The higher < the lower 40,50
formation threshold, faster Surface tension The larger < the smaller 40,50
scattering response). Viscosity The higher < the lower 40,50,55
Laser source Wavelength The longer < the shorter 54
Pulse duration The longer > the shorter 39,54
Repetition rate The higher < the lower 55
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Fig. 4 Optical limiting responses of a mixture of nanotubes and nano-
particles (@) and Cg (A) at different wavelengths.?®

figure. Similar results were observed by Wang and Blau.?>*°
Vivien et al. studied systematically the optical limiting perfor-
mance, dynamics and mechanism of CNT suspensions by
employing a series of experimental methods, e.g. Z-scan, the
time-resolved pump-probe technique, white light emission
measurement, the nonlinear transmittance experiment and the
shadowgraphic imaging technique.'®#1-4449-545¢ Splvent bubble
growth and the phase transition of CNTs at a range of incident
fluences were observed, which confirmed that NLS, arising from
solvent bubble and carbon vapour bubble formation, dominates
the NLO properties of CNT suspensions. The impact of the
incident beam wavelength and pulse duration on the optical
limiting performance has been studied as well.>* Fig. 5 illustrates
the typical transmission of the probe beam in ns timescale, where
the decreased transmission of the probe beam is due to the
scattering of gas bubbles. At lower incident intensities the onset
of the decrease occurs after the pump pulse, implying the absence
of optical limiting. In contrast, the drop in transmission takes
place earlier and is located in the pump pulse under higher
intensity excitation, resulting in effective optical limiting. One
can actually simulate the growth dynamics of these bubbles in
suspensions by monitoring the decreasing trace of the probe,
further estimating the size and concentration by Mie theory.**
CNTs tend to aggregate into large bundles due to the high
surface energy, which is a serious obstacle when it comes to real-
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Fig. 5 Transmission of the probe beam as a function of time for single-
walled nanotube suspensions in water (a) and chloroform (b) at 1064 nm
and in water (c) and chloroform (d) at 532 nm. The pump pulse profiles
are shown in solid lines as well.'®

life applications. People have found that CNTs can exist stably as
individual nanotubes or small bundles in a range of amide
solvents for reasonable periods of time. A typical example is the
demonstration of large-scale debundling of single-walled nano-
tubes by diluting nanotube dispersions with the solvent N-
methyl-2-pyrrolidinone (NMP).5” Experimental and theoretical
analyses reveal that the surface energies of NMP and some other
solvents, i.e. N,N-dimethylacetamide (DMA) and N,N-dime-
thylformamide (DMF) match very well with that of the nano-
tube. This results in a minimal energy cost to overcome the van
der Waals forces between two nanotubes, and hence the effective
debundling.”® Wang and Blau investigated the NLO properties of
individual nanotubes in NMP,* where the population of indi-
vidual nanotubes was observed to increase as the concentration is
decreased, with up to ~70% of all dispersed objects being indi-
vidual nanotubes at a concentration of 4.0 x 107> mg ml~".

Atomic force microscopy measurements reveal that the root-
mean-square diameter of nanotubes decreases to less than 2 nm
at 8.0 x 107> mg ml~' before saturating at this level. Even with
smaller sizes, the individual nanotubes still exhibit superior
optical limiting performance for 532 nm ns pulses than phtha-
locyanine nanoparticles® and MogS, 514 5 nanowires.®® Accord-
ing to the well-calibrated size distribution of nanotubes, one
could deduce the linear and nonlinear extinction coefficients for
a single nanotube. Improved optical limiting performance was
found from the same nanotubes in DMF.** As shown in Fig. 6,
the DMF dispersions show superior nonlinear extinction effects
and lower limiting thresholds. The static light scattering proved
that the DMF dispersions have the larger average bundle size,
which in combination with the lower boiling point and
surface tension of DMF, results in the superior optical limiting
performance.

Most of the optical limiting studies on pristine nanotubes
concentrate on the physical mechanism and its influencing factors
as summarized in Table 1. Although pristine nanotubes possess
broadband limiting effects, the nanotubes alone could not satisfy
all requirements for laser protection. The development of
complex CNT composites is expected to enable practical optical
limiting devices. Whereas a lot of organic dyes exhibit NLA at
certain wavelength bands, the optical limiting effect in nanotubes

This journal is © The Royal Society of Chemistry 2009
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Fig. 6 The nonlinear extinction coefficient (a) and optical limiting
threshold (b) as functions of single-walled nanotube concentration for
NMP (squares), DMF (circles), and DMA (triangles) dispersions.*

covers a broad wavelength range from the visible to the NIR.
Nonlinear absorbers, i.e. phthalocyanines, have a quick response
time in the ps regime, while nanotubes generally respond at best in
the ns regime.®! Merging the complementary temporal and spatial
nonlinear characteristics of NLA compounds and nanotubes has
resulted in the development of nonlinear absorber—CNT hybrids
by covalent or noncovalent link.

A two-photon absorption chromophore, Stilbene-3, and
a single-walled nanotube mixture was prepared by Izard et al.%*
The cumulative optical limiting effect was observed when the two
moieties have comparable optical limiting responses. If one
moiety dominates, the whole optical limiting performance is
close to that of the moiety. The composites, which exhibit both
NLS and MPA, are expected to work in a broad temporal and
spectral range. It should be mentioned that in order to optimize
the NLS effect the authors were resigned to avoiding the
adsorption of the chromophore on the nanotube, which could
delay the formation of solvent bubbles. Webster et al. blended
a RSA dye, 1,1',3,3,3',3'-hexamethylindotricarbocyanine iodide
(HITCI), with functionalized nitrogen-doped multi-walled
nanotubes to enhance the nonlinear transmittance of the whole
system.®® The blended composite exhibits an improvement in the
optical limiting performance in comparison with the two

Fig. 7 TEM image showing the adhesion of organic porphyrin mole-
cules to the outside of double-walled nanotubes.**

individual materials. At the low intensity regime, the nonlinear
response is dominated by the RSA dye HITCI before the NLS
becomes significant. After the onset of NLS at the high intensity
regime, nanotubes dominate the optical limiting. Blau and
co-workers demonstrated the superior optical limiting effect
from a noncovalently linked tetraphenylporphyrin—nanotube
composite.5* The transmission electron microscope (TEM) image
in Fig. 7 shows clearly the adhesion of porphyrin molecules to the
outside of double-walled nanotubes by van der Waals interac-
tion. The photo-induced electron transfer effects from covalently
or noncovalently linked RSA dye-nanotube composites have
been widely studied,®>® which may help to improve the NLO
response of such complex material systems. Very recently, Wang
and Blau reported the linear and NLO properties of a range of
phthalocyanine-nanotube blends.®! The authors observed that
the addition of nanotubes did not change the linear UV-visible
absorption characteristics of phthalocyanines but resulted in
significant fluorescence quenching. Due to the solvent effect, the
phthalocyanine-nanotube composites in DMF exhibit a larger
nonlinear response than those in NMP. As shown in Fig. 8, the
blends enhanced the optical limiting performance in the higher
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Fig. 8 The effective nonlinear extinction coefficient as a function of on-
focus intensity for various phthalocyanine-nanotube composites in
DMF. The dashed lines are intended as a visual guide.®
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Fig. 9 The structures of the covalently-linked porphyrin—nanotube
composites.®

energy density region when compared to the phthalocyanine
solutions. In agreement with Webster ef al.’s result,** phthalo-
cyanines influenced the optical limiting effect in the lower energy
density region, while the nanotubes played a more critical role in
the attenuation of incident laser light in the higher energy
density region. Overall, the optical limiting behaviour of the
composites was increased with further addition of nanotubes.
Apart from the noncovalently-linked dye-nanotube composites,
de la Torre et al. described the synthesis and characteristics of
covalently functionalized single-walled nanotubes with metal-
lophthalocyanines.®” Recently, Liu ez al. synthesized covalently-
linked porphyrin-single-walled-nanotube composites.®® The
structures of the porphyrin-functionalized nanotubes are illus-
trated Fig. 9. Compared with Cg, individual nanotubes and
porphyrins, the composite solutions show outstanding optical
limiting responses for ns laser pulses at 532 nm. The authors
attributed the superior performance to the effective combination
of the NLO mechanism and the photo-induced electron transfer
between porphyrins and nanotubes. In the same vein, a multi-
walled CNT composite covalently functionalized by m-conju-
gated metal-free phthalocyanines was synthesized by Chen et al.
for optical limiting applications.®

The optical properties of CNTs can be modified by coating
functional composites. Chin et al. successfully improved the
transmission of nanotubes in the near UV region by coating silicon
carbide or silicon nitride on the surface.” The high transmission
nanotube composites incorporated with good optical limiting
performances are appropriate for the development of laser
protection devices. The same authors further employed poly-
crystalline Au or Ag nanoparticles as coatings deposited on the
outside of multi-walled nanotubes.” Typical scanning electron
microscope (SEM) images for various coated nanotube composites
are shown in Fig. 10. Broadband optical limiting effects for ns
pulses at 532 nm and 1064 nm were demonstrated in the func-
tionalized nanotube composites. Enhanced limiting performance
for 532 nm pulses was observed from the composites when
compared with pristine nanotubes. The surface plasmon absorp-
tion (SPA) of Au and Ag coatings at 532 nm is attributed to the
enhancement of the NLS as well as the optical limiting effect in the
nanotube composites. However, polycrystalline Ni- and Ti-coated
nanotubes did not show significant improvement for optical
limiting since Ni and Ti nanoparticles do not exhibit SPA around
532 nm. Moreover, it should be mentioned that the CNT and
carbon nanoparticle mixtures were studied as a class of optical
limiting nanomaterial as well.3%7

As we mentioned above, the large surface energy of CNTs
imposes restrictions on the formation of individual nanotubes in
most inorganic and organic solvents. For solubilized nanotubes,
one can employ organic molecules or polymers to functionalize,

Fig. 10 SEM images for (a) multi-walled nanotubes, (b) Au-coated
nanotubes, (c) Ag-coated nanotubes and (d) Au-coated nanotubes after
ultrasonication.”

covalently or noncovalently, the surface of nanotubes.”>” A
breakthrough in exploring the noncovalent interaction of the
nanotube and polymer was made by Curran et al. who adopted
a conjugated polymer, poly(m-phenylenevinylene-co-2,5-dio-
ctoxy-p-phenylenevinylene) (PmPV), to disperse and purify the
nanotubes, resulting in property modified nanocomposites.” The
coiled polymer conformation allows it to surround the layers of
the nanotubes, permitting sufficiently close intermolecular
proximity for 7— interaction to occur. The PmPV has a bright
yellow color while the PmPV-nanotube composite possesses
a deep green color, implying the strong interaction between the
polymer chains and the nanotubes. As shown in Fig. 11, a clear
wrapping effect of individual nanotubes by the PmPV matrix was

Fig. 11 TEM image of nanotubes in PmPV.”®
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observed by TEM. PmPV is an appropriate polymer for the
dispersion of CNTs while retaining the superior optical response
from the nanotubes. O’Flaherty et al. synthesized two kinds of
polymer-nanotube composite by dispersing nanotubes into
PmPV” and poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO),*
respectively. Both of these composite systems showed an excel-
lent optical limiting effect on ns laser pulses at 532 nm. The
strong back and front scattered light signals, with characteristics
of Mie scattering, indicate evidence of the NLS origin of optical
limiting. Jin et al. chose a range of conjugated polymers (i.e.
poly(2-vinylpyridine), poly(4-vinylpyridine), poly(4-vinylphenol)
and poly(ethylene oxide)) to blend or graft with multi-walled
nanotubes for optical limiting application.”” The physically
blended polymer—nanotube composites exhibited a comparable
optical limiting performance to chemically grafted polymer—
nanotube composites for 532 nm ns pulses. The former possess
apparent advantages due to their simple preparation procedure.
Riggs et al synthesized soluble CNTs by utilizing poly-
(propionylethylenimine-co-ethylenimine) to attach it to nano-
tubes or functionalized nanotubes by octadecylamine.’?
Compared with nanotube aqueous suspensions, the homoge-
neous nanotube solutions in chloroform showed an inferior
optical limiting effect for 532 nm pulsed laser irradiation due to
the smaller particle size and different solvents in question.
Benefiting from the rapid development of soluble CNTs and
nanotube composites, a number of soluble nanotube systems
were investigated for optical limiting as well as other NLO
applications. Liu et al. demonstrated broadband optical limiting
effects from didecylamine and octadecylamine modified nano-
tubes, both of which exhibited similar NLO responses to Cgo.”®
Xu et al. prepared polyurethane—urea—nanotube composites by
the sol-gel method.” The nanotube concentration dependent
optical limiting effect for 532 nm ns pulses was found. Li et al.
employed conjugated polymer polyacetylenes to functionalize
CNTs.?° The hybrid system can emit visible light while limiting
high intensity pump pulses. Polystyrene or poly(methyl meth-
acrylate) (PMMA) functionalized nanotube systems were
synthesized by Wu ez al.8'#? The material systems have very good
solubility in common organic solvents and exhibit a superior
optical limiting performance than the pristine nanotubes. Very
recently, Wang et al. reported the optical limiting property of
a multiple hydroxyl groups direct-modified-nanotube—carbon-
nanotubol.®* From the above examples, we notice that whatever
nanotubes were chemically bound or physically coated by poly-
mers, the nanotubes alone act as the optical limiting material. It
reminds us that if doping the soluble nanotubes into polymers
with large two-photon absorption cross section,®” the whole
system possesses both NLS and MPA, undoubtedly resulting in
an improved optical limiting performance.

2.3 Discussion

The following comments should be pointed out for CNT-incor-
porated optical limiting:

(1) Since pristine nanotubes mainly possess NLS, most of the
nanotube-incorporated NLO materials exhibit the NLS effect.
Although some papers only reported the optical limiting prop-
erty at a single wavelength, say, 532 nm, it is believable that most
of the NLS-dominated nanotube systems have a broad response

wavelength for optical limiting. Whereas the optical limiting
effects up to 1064 nm were frequently reported for various
nanotube systems, the limiting property at wavelengths larger
than 1064 nm has not been reported so far. With the restriction of
the nature of NLS, the nanotube systems work effectively for
laser pulses from ns up to millisecond durations. To realize the
power limitation of ultra-short pulses from the ps to the femto-
second (fs) regime or a low intensity continuous wave laser beam,
one must employ functional materials to integrate with CNTs.

(2) Aiming for applicable optical limiting devices, an apparent
disadvantage involving nanotube systems is that NLS only exists
in liquid solutions. While introducing such NLS effects into
a solid state matrix is a big challenge, the development of optical
limiters with liquid nanomaterials will be an engineering issue.
Since the limiting property of the CNT system is very sensitive to
the material structure and the environmental properties, as
shown in Table 1, one can finely control and engineer the whole
NLO response for specific optical limiters.®* On the other hand,
NLS can coexist with various NLA mechanisms, which broadly
extends the freedom for designing versatile optical limiters.

(3) For functionalized CNT materials, there are two types of
status in which the nanotube and its functional moiety coexist. In
the first type, nanotubes are treated separately from the func-
tional dopants. It is readily expected that the NLS effect from
nanotubes can coexist very well with the NLA from the func-
tional materials and little conflict between the NLS and NLA
would take place. In the second type, the nanotubes interact with
the functional molecules or polymers by covalent bonds or
noncovalent van der Waals forces. In this case, the two moieties
would have some conflicting effects due to the different optical
limiting mechanisms.®! Recalling Fig. 3, the absorption is largely
suppressed when the scattering becomes significant. Neverthe-
less, the ps quick response from NLA materials and the ns
response from the nanotubes could coincidentally avoid such
a conflict.

(4) It is worth mentioning that the NLO property has been
studied for a new carbon allotropy, graphene, a hexagonally
symmetric, covalently bonded 2D carbon monolayer.'* Very
recently, Wang et al. prepared a series of unoxidized and defect-
free graphene dispersions with large populations of single and
multilayer graphenes by employing high-yield exfoliation of
graphene in the liquid phase."® The graphene dispersions
exhibit broadband optical limiting for ns pulses at 532 and 1064
nm. Nonlinear scattering, originating from the thermally induced
solvent bubbles and microplasmas, is responsible for this
nonlinear behaviour. The surface tension of the solvents has
a strong influence on the optical limiting performance of the
graphene dispersions. Overall, graphene flakes exhibit a similar
optical limiting response to that of Cgy and single-walled nano-
tubes. In the same way that 1D CNTs serve not only as nonlinear
scatters but also as host material for functional counterparts, this
unique 2D nanomaterial could be a promising host for an optical
limiter as well as for other photonic devices. A porphyrin func-
tionalized graphene composite was synthesized by Xu et al.® The
soluble graphene nanohybrid exhibits an improved optical
limiting performance compared with Cg. A combination of
multiple nonlinear mechanisms, i.e. RSA, MPA, NLS, as well as
photoinduced electron transfer was proposed for the enhanced
NLO response. In addition, the optical limiting property of
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graphene oxide (GO) in DMF was studied by Liu et al.®” The
RSA and MPA are responsible for the NLO response of GO
solutions under ns and ps pulse illuminations at 532 nm respec-
tively. As with CNTs, the demonstration of graphene for optical
limiting renders graphene and related materials as a new class of
nanomaterial for photonic and optoelectronic nanodevices.

3. Saturable absorber

As we know, laser and nonlinear optics always complement each
other. The invention of the laser hastened the delivery of
nonlinear optics from theoretical prediction to experimental
observation. Incorporating NLO components into a laser cavity
inversely controls and modifies the output performance of lasers.
Whereas numerous inorganic and organic materials, with unique
NLO properties, have been frequently used to realize Q-switch-
ing or mode-locking for lasers, nanomaterials are rarely found to
participate in the modulation of laser until the emergence of
CNTs as saturable absorbers.®®#° In this section, we introduce
CNTs as practical and efficient broadband NLO materials with
applications in ultrafast pulse generation and control.

3.1 Mechanism

Laser sources producing ns to sub-ps optical pulses are a major
component in the portfolio of leading laser manufacturers. They
are deployed in a variety of applications ranging from basic
scientific research to plastic material processing, from eye surgery
to printed circuit board manufacturing, from metrology to the
trimming of electronic components. Regardless of the wave-
length, the majority of ultrashort (ps—fs) laser systems employ
a mode-locker, ie. a NLO element—called a saturable
absorber—that turns the laser continuous wave output into
a train of ultrashort optical pulses.”**? Fig. 12 illustrates sche-
matically the working principle of a passively mode-locked laser

Saturable

absorber Gain material

loss

gain

pulse

» time

Fig. 12 Schematics of the cavity structure of a passively mode-locked
laser with a fast saturable absorber, the temporal modulations of loss and
gain and waveform of generated pulse.

with a fast saturable absorber. In the laser cavity, the total gain
remains constant while the total loss is modulated by the satu-
rable absorber. The gain is always smaller than the loss in the low
intensity regime. When the loss is reduced to be smaller than the
gain in a very short time window, the net gain becomes positive,
resulting in the generation of a pulse with a duration comparable
to that of the window. The fast modulation of loss is realized by
the instantaneous absorption change of the saturable absorber.
Recalling Fig. 1(b), the saturable absorber exhibits an intensity-
dependent absorption: the higher the incident intensity, the lower
the absorption. Thus, the loss can be decreased significantly
when the signal is improved. In addition, it is essential for a fast
saturable absorber that the recovery time must be shorter than
the pulse duration.

Compared with the active mode-locking technique, passive
mode-locking can generate much shorter pulses, resulting from
the faster loss modulation by a saturable absorber. The key
requirements for nonlinear saturable absorber 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 currently
available solutions do not meet all of these needs. In the present
technology, saturable absorbers frequently use multi-quantum
well semiconductor heterostructures as saturable absorbers, in
the shape of a Semiconductor Saturable Absorber Mirrors
(SESAM).”* Their fabrication involves well established, but
costly and often environmentally aggressive growth and pack-
aging procedures. Each design has a relatively small bandwidth
(of the order of 100 nm), covering a narrow wavelength range
(~800-1600 nm). CNT and nanotube—polymer composites have
the potential to overcome all the shortcomings of traditional
technology. CNTs only consist of carbon atoms and can be
thought of as a layer of graphite rolled up into a cylinder. Their
electronic properties depend on their diameter and chirality, i.e.
the twist angle along the tube axis, which can be defined by two
integers indicating the chiral vector. One can compute the energy
versus 1D electronic density of states (DOS) of CNTs using the
tight-binding zone-folding method.** Semiconducting tubes have
a band gap which varies inversely with their diameter. Their DOS
and absorption spectra consist of a series of strong 1D singu-
larities. Fig. 13(a) illustrates the DOS for a (10,0) zigzag semi-
conducting single-walled CNT, where the sharp peaks denote the
van Hove singularities. As indicated by the arrows in Fig. 13(a),
the electronic transitions between the valence bands and
conduction bands (viz., vi—c, V»—Cy, etc.) result in a wide-
spectral-range optical absorption with characterized absorption
bands. From the typical absorption spectra of CNTs in
Fig. 13(b), it is seen that the characterized absorption bands in
the NIR region are due to the transitions between the first and
the second van Hove singularities.®® Fig. 13(c) shows the gap
energies as a function of diameter, well-known as a Kataura
plot.2*%¢ Each dot corresponds to a different pair of integers,
hence a different type of nanotube. The shadowed region indi-
cates the window of interest for optical communications, corre-
sponding to the 1300-1600 nm range. This requires nanotubes
with 0.8-1.3 nm diameters (as indicated by the solid lines in
Fig. 13(c)) which are readily available.

The CNTs’ one-dimensionality is the basis for their potential
application as fast optical switches.®”*® Absorption at a given
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Fig. 13 (a) The electronic density of states for a (10,0) zigzag semi-
conducting single-walled CNT.** (b) Absorption spectra of two types of
CNTs in polymer films.” E;; and E,, represent the electronic transitions
between the first and the second van Hove singularities. (c) Kataura plot,
the transition energies as a function of diameter of semiconducting
(black) and metallic (red) nanotubes. http://www.photon.t.u-tokyo.ac.jp/
~maruyama/kataura/kataura.html.

wavelength creates electron-hole pairs. This causes band filling
and the absorption saturates. A further power increase results in
a reduced overall absorption or a bleaching of the sample. CNTs
have indeed been reported to be nonlinear absorbers and
show high third-order nonlinear polarizability (x® = 10-7-10""°
esu). 45979 An important physical property for ultrafast
devices is the excited carriers’ relaxation speed. A fast decay of
the excited electron-hole pairs allows the system to go back into
the linear absorption range, and a new saturation-relaxation
cycle can begin. The CNT recovery time is inherently very fast
and depends strongly on whether the absorption is to the first or
second electronic sub-band. The relaxation from the second sub-
band is much faster (40 fs) than from the first (10 ps). Nanotube
bundles, with the naturally occurring semiconducting/metallic
ratio 2 : 1,* show even faster dynamics (sub-ps), due to the
tunnelling of carriers from semiconducting to metallic tubes.
Thus, while many key applications of CNTs in electronics
require individual tubes with a given chirality for optimum
performance, the uncontrolled chirality typical of CNTs is
turning one of the major disadvantages of CNT technology into
one of the key elements for the passively mode-locked lasers.'®°

3.2 Mode-locked lasers

In 2003, Set et al. demonstrated for the first time the saturable
absorption property of single-walled CNTs for 1 ps ultra-short
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Fig. 14 Typical spectrum (a) and SHG autocorrelation trace (b) from
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pulses at 1550 nm.?* As shown in Fig. 1(b), the sprayed nanotube
film on a quartz substrate can effectively suppress the low
intensity background noise while allowing high-pass for the high
intensity signal, resulting in fast mode-locking. Subsequently,
employing such simple structures as saturable absorber, Set ez al.
successfully demonstrated the mode-locking from the erbium-
doped fiber (ErDF) lasers.'”*"'* As a result, 1.1 ps and 318 fs
pulse trains were obtained from the fiber lasers with ring and
linear resonant cavity configurations, respectively. The typical
output spectrum and SHG autocorrelation trace of soliton pulses
from the mode-locked fiber ring laser are shown in Fig. 14. Since
then, the CNT-based saturable absorbers are widely used as
mode-locking elements for ultra-short pulse fiber lasers and solid
state lasers. Tables 2 and 3 summarize respectively most of the
representative works on the passively mode-locked fiber lasers
and solid state lasers using nanotube saturable absorbers. The
materials and structures of the mode-lockers, the gain medium
and cavity of lasers, and the main parameters of the output
pulses are given in the tables. Although various structures of the
saturable absorbers have been designed (see Fig. 15 and 16) in
recent few years, we generally name in this paper the CNT-based
saturable absorbers as Saturable Absorbers Incorporating
NanoTube, SAINTS for short, after Set et al.®®

Whereas the fabrication procedure of SESAMs is complex,
costly and environmentally unfriendly (see Fig. 16(c)), the
SAINT devices only need a low-cost room-temperature fabri-
cation process. The linear and nonlinear parameters of SAINTS,
e.g. linear transmission, absorption band and threshold power,
etc., can be easily engineered by selecting the CNTs with the
appropriate diameter range and by changing the thickness and
concentration of the CNT or CNT—polymer layer. As a reflective
device, SESAM can only work for lasers with a linear cavity and
has a low damage threshold. In contrast, CNT and nanotube—
polymer composites have a higher damage threshold and the
flexibility of the nanotube composites allows the design and
fabrication of different SAINT structures to fit the different
requirements. To date, SAINTSs have been successfully adopted
in mode-locked fiber lasers and solid state lasers in both ring and
linear configurations.

The typical structures of SAINTs are depicted in Fig. 15.
Reflective and transmission type SAINTs were first employed for
mode-locked fiber lasers in linear and ring cavities, respectively.3®
As shown in Fig. 16(a), the reflective type can be fabricated by
directly spraying CNTs or coating nanotube—polymer solutions
on high-reflection (HR) mirror. Fig. 17(b) illustrates a typical
experimental setup of a mode-locked linear cavity fiber laser using
reflective type SAINT. The gain medium, ErDF, is backward
pumped by a 980 nm laser diode (LD). The output beam from one
end of the ErDF is collimated and focused on the SAINT. After
modulation, the beam is coupled back to the ErDF, resulting in
the lasing oscillation. The Faraday mirror at the other end of the
cavity is employed to compensate for birefringence in the reso-
nator. 20% of the total power is coupled out as output and 80%
remains in the cavity due to the fiber coupler. By shortening the
cavity length in the linear configuration, one can obtain ultra-
short pulse train with high repetition rate up to 17.2 GHz.'3

The transmission type is composed of a sandwiched
nanotube layer with transparent substrates, nanotube or nano-
tube—polymer films on glass or quartz substrate, free-standing

This journal is © The Royal Society of Chemistry 2009
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Fig. 15 Various types of SAINT: (a) reflective type, (b) transmission type, (c) fiber ferrule type, (d) microfluidic channel type, (e) D-shaped fiber type

and (f) fiber taper type.

nanotube—polymer films and CNT suspensions. For the fiber
ring lasers, the use of a transmission type SAINT would increase
the difficulty in the cavity alignment as well as the loss of
coupling. Instead, the fiber ferrule type can largely overcome
such disadvantages and make the fiber laser system robust and
easy to maintain. A typical mode-locked ring fiber laser using
a ferrule type SAINT is illustrated in Fig. 17(a). The ErDF
amplifier system is the same as that in Fig. 17(b). Two optical
isolators are employed to avoid back reflection and guarantee
laser quality. The intracavity filter is used to tune the output
wavelength. With this laser system, Wang et al. realized contin-
uously tunable output from 1518 nm to 1558 nm with 2.4 ps
pulse.'® The cavity structure of the ring laser using transmission
type SAINT is quite similar to Fig. 17(a). Instead of the compact
fiber ferrule, one has to utilize two sets of lenses and collimators
to ensure the alignment and to minimize the coupling loss. It
should be mentioned that the ferrule type SAINT merely requires
the free-standing CNT-polymer films, as shown in Fig. 16(b),
which is an essential advantage aimed towards industrially
applicable SAINT devices. Their incorporation of CNTs into
polymeric materials makes these the ideal choice as a photonic
device integration platform. They are easily manipulated by
methods such as embossing, stamping, sawing, wet or dry
etching. They have a low-cost room-temperature fabrication
process. Polymers can be synthesized with customer defined
optical characteristics such as selective transparency bands in
different spectral ranges, variable refractive indexes, low bire-
fringence, etc.

To construct compact SAINTSs, Nicholson ef al directly
deposited single-walled nanotubes onto cleaved optical fiber end
faces and fiber connectors using the optically driven deposition
technique.’*® Using this highly integrated SAINT, the authors

demonstrated mode-locked ErDF laser with 247.5 fs pulses at
1560 nm and ytterbium-doped fiber (YbDF) laser with 137 fs
pulses at 1070 nm. Separately, a novel SAINT based on
a microfluidic channel fabricated in an optical fiber using fs laser
micro-process technique was proposed by Martinez et al.'*® As
shown in Fig. 15(d), the SAINT is made by filling the CNT
suspension into the microchannel, resulting in a more compact
mode-locker. Incorporating the microchannel SAINT into an
ErDF ring laser, the authors successfully observed 2.3 ps soliton
pulse output with a 2.56 MHz repetition rate.

Exploring new SAINT device, Song et al. designed a D-shaped
fiber mode locker.''>'%127 Ag shown in Fig. 15(e), the mode-
locking is achieved by the interaction of the evanescent field of
the waveguide mode with the CNT layer deposited in the
D-shaped fiber. Compared with the other types of SAINT, this
mode-locker possesses a long contact length between the prop-
agation signal and the CNT layer, resulting in sufficient NLO
interaction. As a result of effective mode-locking, a 470 fs pulse
train was achieved from an ErDF ring laser with a 5.88 MHz
repetition rate.’'? In order to further improve the interaction
efficiency, Song et al. replaced the randomly sprayed nanotube
layer with a vertically aligned nanotube film for the D-shaped
fiber mode locker.'* Using this well-defined SAINT, Song et al.
realized 1.02 ps pulses with an average output power as high as
250 mW, which is the highest output power reported so far for
passively mode-locked fiber lasers using SAINT.?” The whole
laser system can work for over 200 hours without a significant
decrease in the output power, implying the excellent stability and
reliability of the SAINT device. In the same vein, a fiber taper
wrapped with the CNT—-polymer composite was employed as
a mode-locking component for fiber ring lasers.!!>!8123 Ag
shown in Fig. 15(f), polarization insensitive mode-locking can be
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Fig. 16 Photographs of (a) transmission and reflective type SAINTs'*?
and (b) SAINT device made from CNT/polymer composite,'?* compared
with (c) commercially available SESAM products from BATOP GmbH,
Germany. http://www.batop.de.

demonstrated by the evanescent field interaction with the nano-
tube—polymer coating when the guided light passes through the
fiber taper. Using the fiber taper as mode-locker, Song et al.
demonstrated 829 fs soliton pulses in an ErDF ring laser with
a 7.3 MHz repetition rate.''® Kieu and Mansuripur observed 594
fs pulses at 1531 nm from an ErDF ring laser'!s and 250 fs pulses
at 1030 nm from a YbDF ring laser with an average output
power as high as 155 mW.'?3

In addition to the mode-locked fiber lasers, the transmission
and reflective type SAINTSs were employed for the mode-locked
solid state lasers. Il'ichev et al applied single-walled CNT
suspensions in heavy water as a mode-locking component for
a range of solid state lasers: Er:glass,'*® colour center F,:LiF,'*¢
YAP:Nd, YAG:Nd and Nd:glass lasers.'*® Mode-locked ps
pulses were demonstrated in these lasers with broad output
wavelengths from 1540 nm to 1340 nm, then to 1055 nm. Schibli
et al. successfully demonstrated self-starting mode-locking for
Nd:glass and Er/Yb:glass lasers using a reflective type SAINT. %’
The experimental setup is illustrated in Fig. 18 (a). The mode-
locker was fabricated by spin-coating a nanotube—polymer
(polymide and carboxymethyl cellulose) composite onto a TiO,/
Si0, dielectric mirror. The Er:Yb glass laser can produce ultra-
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Fig. 17 Schematic diagrams of the mode-locked fiber lasers in (a) ring'®
and (b) linear® cavity configurations.
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locked fiber lasers and solid state lasers using SAINTSs.

short pulses, as fast as 68 fs, at 1560 nm. A hybrid saturable
absorber was fabricated by Fong et al. by depositing a CNT
layer onto a semiconductor AlAs/GaAs distributed Bragg
reflector mirror.’® With this saturable absorber, the authors
obtained 63 mW 261 fs soliton pulses from a mode-locked Er:Yb
glass laser. Several groups reported a low-cost SAINT device
fabricated by coating a CNT-PMMA composite on transparent
substrates.'*'** The CNT-PMMA-based saturable absorbers
were applied to a range of solid state lasers, i.e. Cr:forsterite!*?
and Yb:KLu(WO,), lasers."*"'*3 Fig. 18(b) depicts the experi-
mental setup for the mode-locked Yb:KLu(WO,), laser using
transmission type SAINT. The generation of less than 200 fs
pulses from the above lasers indicates the effective mode-locking
by the SAINTSs.

3.3 Discussion

Based on the data in Tables 2 and 3, statistics for the annual trace
of output performances of the mode-locked fiber lasers and solid
state lasers using SAINTS are given in Fig. 19. It is noted that (1)
the output wavelength of the mode-locked lasers has covered
from 1.0 um to 2.0 um by using different gain materials; (2) the
pulse duration can be compressed to <100 fs and be tuned from
ps to fs; (3) the repetition rate can be controlled from MHz to
GHz; and (4) the average output power has become larger than
200 mW. Meanwhile, an effort to develop new CNT mode-
lockers for different types of lasers, i.e. waveguide lasers,'*? is still
in progress. These remarkable achievements indicate the validity
and potential commercial value of SAINTSs for passively mode-
locked lasers. Using SAINTS, ultra-short mode-locked fiber and
solid state lasers with different output parameters would match
the various requirements for real life applications in fiber
communications, surgery, efc.®

It should be mentioned that single-walled CNTs can be used as
mode-locking element due to the large absorption cross section
in NIR, low saturation intensity and ultra-short exciton decay
time. Multi-walled CNTs are usually composed of both metallic
and semiconducting CNTs, resulting in a metal like property.

Recently, a few groups found the pristine multi-walled CNTs,
nitrogen-doped nanotubes** and ZnO-beaded nanotubes'*>146
exhibit clear saturation absorption and ultra-fast exciton decay,
which could be used for nonlinear optical switching and mode-
locking. However, compared with the low saturation intensity of
single-walled nanotubes (~tens of MW/cm?), the multi-walled
nanotubes require a much higher irradiation intensity (~tens of
GW/cm?) in order to saturate. In addition to CNTs, a number of
nanomaterials, e.g. PbS quantum dots,'”'*® AgInSe, nano-
rods and Nano-Ag:polymer composite’® have also been
investigated as nanophotonic components for mode-locking or
optical switching.

4. Prospects

Information exchange and communication is at the very core of
our global society. Photonics provides the infrastructural hard-
ware and technological backbone. The global demand for
photonic infrastructure continues to increase by a stunning 40%
p-a., while customers are obviously not prepared to pay a corre-
sponding increase in costs. Thus, the need, in optical networking
alone, for photonic components that meet the performance
criteria as well as the economic requirements opens the door to
novel technologies capable of high-yield, low-cost and poten-
tially environmentally friendly manufacturing, while delivering
high performance and enabling unique functions. With the
excellent properties and decreasing price, CNTs and CNT
composites are suitable candidates to satisfy the requirements for
the next generation of photonic components. Essentially the
potential applications of CNTs and CNT composites extends far
beyond optical switches, optical limiters and mode-lockers, i.e. to
flexible transparent conductors, charge transport layers in light
emitting diodes and photovoltaic cells. The CNTs and CNT
composites will therefore find a wide range of applications, not
only in optical communications and integrated optical networks,
but also in biomedical instruments, chemical analysis, time-
resolved spectroscopy, environmental sensing, microscopy and
surgery.
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