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1. Introduction

Carbon Nanotubes (CNTs) were first discovered by Sumio Ijima in the early 90s (Ijima et al.,
1991). CNTs have since become a prominent material for an amazing breath of scientific and
technological disciplines ranging from structural and material science to chemistry, biology
and electronics (Dresselhaus et al., 2001). Compared to other areas of science, the study and
exploitation of the optical properties of CNTs is still in its early years. In the late 1990s,
various theoretical and experimental studies reported the remarkable optical properties of
Carbon nanotubes (CNTs) (Kataura et al., 1999; Margulis & Sizikova, 1998). Since then, the
potential applications of CNTs have been attracting increasing attention from the photonics
research community. CNTs exhibit an exceptionally high third-order optical nonlinearity
and nonlinear saturable absorption with ultrafast recovery time and broad bandwidth
operation. Thus, CNTs are becoming a key component towards the development of fibre
lasers and nonlinear photonic devices. Despite the relative late start, photonics is now one of
the research fields where CNTs are making a more significant contribution towards the
development of next generation devices both from an academic and an a commercial point
of view.

CNTs are structures from the fullerene family consisting of a honeycomb sheet of sp2
bonded carbon atoms rolled seamlessly into itself to form a cylinder. Single-walled CNT are
nearly one-dimensional (1D) materials with a diameter ranging from 1Inm to 3 nm, and a
length that can go from 100s of nanometers to centimetres. The electronic properties of
single-wall CNTs are governed by a single parameter named the chiral vector, which
indicates the orientation of the tube axes with respect to the orientation of the honeycomb.
Depending on this parameter, single-wall CNTs may behave as semiconductors or as
metals. Those CNTs that behave as semiconductors exhibit a direct electronic bandgap
which is directly proportional to the diameter of the nanotube. The optical absorption of
CNT is determined by their electronic bandgap and broadband operation is a result of a
large distribution of diameters formed during the CNT fabrication (Kataura et al. 1999). This
discovery led to the now widespread use of CNTs in saturable absorption applications.
Previous to that work, Margulis and Sizikoba had estimated theoretically that CNT presents
a very high third order susceptibility x©® in the order of 10-8m2/W. Third order susceptibility
is responsible for processes such as third harmonic generation (THG), optical Kerr effect,
self-focusing and phase conjugation (Margulis and Sizikoba, 1998). Materials with a high
nonlinearity combined with a fast response time are desired for roles areas such as optical
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communications and information technology, where they can perform optical functions
such as optical switching, routing and wavelength conversion.

CNTs have also found several other applications in photonics including nanometre-scale light
sources, photodetectors and photovoltaic devices (Avouris et al., 2008). These applications rely
on the properties of a single CNT and their potential applications in a field-effect-transistor
(CNT-FET) configuration. Such CNT-FETs not only have great potential towards the
development of future optoelectronic applications, but also offer an excellent platform to study
optical phenomena in one-dimension. The focus of this chapter however, lays in the CNT
applications in the areas of fibre lasers and optical communications. Those applications are
based on the CNTs nonlinear optical absorption which is useful for noise suppression and
passive mode-locked lasing (Set et al., 2004) and their high nonlinearity which has a great
potential towards the implementation of optical switches (Liu et al., 1999; Chen et al., 2002).
These applications rely on using a large number of CNTs and their combined optical
properties. During their bulk fabrication, a large number of single-walled CNT with different
tube diameters and different electrical properties are created. For most applications, the lack of
ability to fully control the diameter and chiral vector of the CNTs during fabrication is a
drawback. For optical fiber devices on the contrary, it is auspicious that the current fabrication
processes produces a distribution of single-wall CNTs with different diameters, some
behaving as a semiconductor and some as metals. The role of the semiconducting CNT is to
provide the saturable optical absorption, which is proportional to the diameter of each
individual CNT. The wide distribution of CNT’s diameters provides broadband operation and
the metallic CNTs also play an important role towards reducing the recovery time.

This chapter is structured as follows; in section 2, the physical mechanisms that are
accountable for the exceptional optical properties of carbon nanotubes (CNTs) will be
described. In section 3, we will describe the various methods that have been proposed for
the fabrication of CNT-based photonic devices and introduce the relevant parameters that
must be taken into account while preparing a CNT-based device for different applications.
In section 4 we will review the most significant advances reported to date regarding passive
mode-locked lasing, which is arguably the application were CNTs have made their most
significant contribution so far. In section 5, we will investigate the potential applications of
CNTs in optical switching devices by four-wave mixing and polarization rotation and
discuss the requirements that would need to be met before such devices can be considered
for commercial applications. Finally, in section 6, we will discuss the future of CNT-based
photonic devices in the context of becoming an integral part in the fast developing fiber
laser technology and the challenges ahead, such as the advent of graphene as an alternative
to CNTs and semiconductor saturable absorbers (SESAMs) for many applications and the
needs for improved robustness and long term stability of CNT-based photonic devices.

2. Optical properties of CNT

The original interest to apply CNTs in photonics started in the late 1990s soon after Margulis
et al. reported the first theoretical study on the very high third order nonlinearity of CNT
and Kataura et al. reported for the first time the nonlinear optical properties of single-wall
CNT. Most applications in photonics require single-wall CNT, hence from here on we will
refer to those single-wall CNTs simply as CNTs. The optical properties of CNTs are linked
closely to their structural and electronic properties and are fully governed by one parameter,
its chiral vector, which describes how the carbon-atom honeycomb is organized with respect
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to the CNT axis. Depending solely on this parameter, CNTs may behave as a direct band-
gap semiconductor or as a metal.

2.1 Electronic structure

The electronic properties of a CNT are determined by its chiral vector. This vector describes
how the graphene sheet is rolled when forming the nanotube. The chiral vector, Cy, is expressed
by two real space unit vectors a; and a2, and two integers n and m as shown in equation 1:

C, =na, +ma, (1)

Graphene is a semimetal, when the single-layer graphene is rolled to form a tube an extra
level of confinement into a quasi-1D structure is added. CNTs behave as metals if the
subtraction of the integer values n and m is an integer multiple of 3 (n-m=3k) otherwise it is
a semiconductor (n-m#3). Hence, statistically we can conclude that 2/3 of CNTs will be
semiconductors, while 1/3 will be metallic CNTs. Saturable absorption is a result of the
excitonic absorption in semiconductor nanotubes (Saito et al., 1992).

The density of states of a semiconducting CNT can be numerically calculated. In figure 1, the
density of state of two semiconducting CNTs with different diameters is shown. In fact, the
electronic density of states of CNT, originates from the “slicing of the graphene density of
states due to the quasi-1D confinement of the electrons, which leads to the presence of the
characteristic Van Hove singularities observed in their electronic densities of state (DOS) of the
two CNTs shown in figure 1 (from Yamashita et al., 2007). Semiconducting CNTs absorb
photons in the same way an ordinary direct bandgap semiconductor would do when the
energy of the photon is equal to the bandgap of the CNT. The CNT’s bandgap is inversely
proportional to the diameter of the tube. It is particularly fortunate that the diameter of a CNT
typically ranges from Inm to 2nm, which leads to an optical absorption that overlaps the
1550nm window commonly used for fiber optic technologies.

Figure 1(c) shows the characteristic relation of the energy bandgap as a function of the
diameter of the semiconductor CNT. This figure is known as the Kataura plots and indicates
the allowed band transmissions based on the diameter of the tube.
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Fig. 1. (a) and (b) show the calculated electronic density of states (DOS) of two CNTs with

tube diameters 1.2nm and 1.35, respectively. Both DOS exhibit sharp singularities caused by

the characteristic 1D structure of CNT (c) shows the relation between the nanotube’s

diameter and the allowed electron transitions. Figure taken from (Yamashita et al., 2007)
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2.2 Saturable absorption

The optical absorption of CNTs is of saturable, intensity-dependent nature, it is, therefore, a
suitable material to employ for passively mode-locked laser operation. Passive mode-
locking is achieved by incorporating an intensity-dependent component into the optical
system, this is generally a saturable absorber which absorbs the incoming light linear up to a
given threshold intensity, after which it saturates and becomes transparent. Such saturable
absorbers discriminate in favor of pulse formation over continuous wave lasing.

Current processes for the bulk fabrication of CNTs do not allow complete control over the
chirality and diameter of the fabricated CNTs. Instead, a combination of metal and
semiconductor CNTs and multi-wall CNTs are produced during fabrication.
Nevertheless, researchers are now able to separate CNTs according to their chiral vector
through post-fabrication processes. In actual fact, depending on the application, a wide
distribution of CNT diameters or a very narrow distribution may be beneficial. Hence, the
ability to control the mean diameter and diameter distribution through the fabrication,
purification and separation processes is likely to further extend the applications of CNTs
in photonics. Figure 2(a) shows the typical absorption of a suspension of CNT fabricated
by the high pressure carbon monoxide method (HiPCO) and measured by a spectrometer,
Absorption peaks rise from the inter Van Hove transitions between the different
semiconductor and metal transitions and can be clearly identified in the spectrometer
measurements.

For ultrashort pulse generation, a saturable absorber with a fast recovery time is required for
stabilizing laser mode locking, while a slower recovery time could facilitate laser self-
starting. Ultrafast recovery times of few 100s of femtoseconds have been reported making
CNTs a suitable material for ultrashort pulse generation. But it is worth noting that, the
recovery time is not so fast if we consider only isolated semiconducting CNTs, in this case,
the recovery time is in the order of 30ps (Reich et al., 2004). The ultrafast response time of
CNTs is based on bundle and entanglement of semiconducting and metallic CNTs because
electrons which are excited by photons in semiconducting CNTs tunnel and couple to
metallic CNTs, resulting in ultrafast recovery time of semiconducting CNTs. The
combination of fast and slow processes within the CNT distribution, allows CNT to be a
very efficient saturable absorber both to self-start the mode-locking operation and to
produce ultrashort pulses. In addition, the inability to fully control the diameter of the CNTs
during their growth is advantageous for the implementation of fiber lasers. In fact, the wide
distribution of CNT diameters is responsible for the very broadband operation of CNT-
based saturable absorbers. This is one of the key advantages of CNT-based devices, as has
been demonstrated by Kivisto et al. achieving passive mode-locked operation not only in the
C and L band but covering also the wavelength range from 1pm to 2pm using a single CNT
saturable absorber (Kivisto et al., 2009).

In figure 2, the absorption characteristics of CNT-devices are summarized. Figure 2(a) shows
the characteristic optical absorption properties of a CNT dispersion, the characteristic
absorption peaks generated by the Van Hove transitions can be clearly observed. Figure
2(b), depicts the normalized saturable absorption, from the data in Figure 2(b) we can
determine three parameters that together with the response time give us an indication of the
applicability of CNTs for passive mode-locking applications. Those parameters are the non-
saturable losses (ans), the modulation depth (aop) and the saturation intensity (Is.) fitted
using a saturable absorber model, based on equation 2 (Wang et al., 2008).
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Fig. 2. Characterization of the optical absorption of CNT. (a) Characteristic broad optical
absorption of a CNT solution measuredby an spectrometer. (b) Normalized absorption, the
modulation depth and saturation fluence are in this case, 5% and 3MW /cm2.

2.3 Third order nonlinearity

The first theoretical studies on the third order nonlinearity of CNTs appeared in 1998 when
Margulis and Sizikova reported an estimated nonlinear refractive index coefficient, ny as
high as 2x10-8 (m2/W). To put this theoretical value into context, n; for the silica glass is
3x10-200(m2/W) and chalcogenide glass, which is recently receiving much attention as a
suitable material for the fabrication of highly nonlinear fibers has a n; value of 2x10-18m2/W.
Table 1 shows typical third order susceptibility values for various materials used in
nonlinear optics.

. . Poly-
Silica | Chalcogenide diacetylene GaAs Si CNT
glass glass (PDA)
ny (m2/W) | 3x10-20 2x10-18 1x10-15 1x1010 | 4x10-18 | 2x10-12
Response | g1 ~0.01 ~0.01 ~100 | 0.01 <1
time (ps)
Absorption | small small small large small large

Table 1. Comparison for the nonlinear refractive coefficient (n,), the response time and the
optical absorption for various materials commonly used for nonlinear optics.

The optical nonlinearity of CNT comes from the 1D motion of the delocalized m-band
electrons at a fixed lattice ion configuration. These estimations attracted a great deal of
attention since third order nonlinearity is responsible for phenomena such as third harmonic
generation (THG), optical Kerr effect, self-focusing and phase conjugation. As a result, third

www.intechopen.com



372 Carbon Nanotubes Applications on Electron Devices

order nonlinear materials can be considered for optical functions such as optical switching,
routing and wavelength conversion. The difficulty is that for most third order nonlinear
optical materials, the third order susceptibility was too low for practical applications; the
extremely high ny of CNT opened a new potential application for CNT.

Optical nonlinearity is due to optical intensity dependent nonlinear response of dielectric
materials. When the optical intensity of propagating light in a dielectric material is low,
stimulated polarization is linearly proportional to the optical intensity. However, at high
optical intensities, the stimulated polarization, P, exhibits a nonlinear response to the optical
electric field, E, as described by equation 3 (Agrawal, 1995);

P=sy(z" E+ 7 VEE+ y*iBEE+.. | 3)

Where x@), x@ and x©® correspond to the linear, second and third order susceptibility. It has
been reported that some types of CNTs present a high x, however there is not much active
research on exploiting this property. On the other hand, the high values of x© calculated
theoretically and experimentally are of great interest. In most cases there is a trade-off
between high optical nonlinearity and recovery. For instance, optical fibers generally exhibit
low nonlinearity and a fast response time while semiconductor based devices generally
operate with a high nonlinear coefficient and low response time. Remarkably, CNT devices
offer a very high nonlinear coefficient combined with a fast response time due to their
nanostructures and the Van der Waals induced bundling. In CNTs, there are two main
contributions to their relaxation processes; a non-radiative relaxation such as multi-phonon
emission through electron-phonon coupling and an excited electron tunneling to
neighbouring CNTs. Since the CNTs whose electrons are excited and those whose electrons
are relaxed are different, fast relaxation process in the order of 100s of femtoseconds
combined with an extremely high nonlinear coefficient can be obserbed in real CNT devices.
Of course, the technological implications of using such material would be enormous since it
opens the door for the fabrication of nonlinear devices with miniature size and lower power
consumption leading to further integration and compactness of CNT-based nonlinear
devices. However, their implementation presents numerous challenges; in particular in
order to exploit the third order nonlinearity of such devices CNT, the interaction length
between the CNT and the optical field must be increased. Unlike silica and chalcogenide
glasses, CNTs absorption of the incident light is very high, this combined with the high
scattering of CNT bundles complicates the fabrication of nonlinear devices with longer
interaction lengths required to increase the nonlinearity of the device. In section 3.3, the
current efforts towards fabrication CNT-fiber devices with increased interaction length
suitable for the exploitation of the nonlinear susceptibility of CNT for optical switching
applications is described. Section 5, describe the few experimental demonstrations of optical
switching by polarization rotation and four wave mixing (FWM) using CNT-based devices
with long interaction lengths.

3. Fabrication of CNT-based photonic devices

Since 2003, several laser configurations and methods in which to integrate the CNTs into the
fiber have been considered, each to suit different requirements. Initial devices were
fabricated by spraying a solution of CNT in a substrate, mirror or fiber ferrule (Set et al.,
2004; Yamashita et al., 2005) or by direct growth of the CNT in a substrate using chemical
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vapor deposition (CVD) (Song et al., 2007). In order to spray the CNTs, they are first
independently dispersed into a solvent, such as Dimethylformamide (DMF) solvent by
ultrasonification. This is necessary in order to separate individual CNTs and breaking of
bundles of CNT that are formed due to van der Waal forces. Once efficient dispersion is
achieved the solution is subjected to centrifugation so the remaining agglomerated CNTs
can be separated and discarded. The CNTs can then be sprayed into the substrate surface,
using a set-up such as shown in figure 3(a).

While the spray method is suitable to fabricate CNT-Saturable absorbers, the usage of CNT
in order to coat the fiber is very high. Kashiwagi et al. and Nicholson et al. developed a
method where by using an optical deposition technique CNTs could be deposited efficiently
only in the core area of the fiber, reducing the CNT solution usage dramatically (Kashiwagi
et al., 2007; Nicholson et al., 2007). The experimental set-up used for the optical deposition of
the samples is shown in Fig.3 (b). Deposition is achieved by immersing a flat fiber connector
into the solution of CNT on DMF and launching a high-power light into the fiber. The
optical power required to achieve optical deposition is dependent on a number of
parameters, including the concentration levels of the solution, and how well the CNTs have
been dispersed on the solvent.
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Fig. 3. Experimental set-up for the fabrication of CNT saturable absorbers (a) using the spray
method (b) using the optical deposition method. (c) and (d) show original configurations
used to integrate the CNT into the optical system.

The physical mechanisms responsible for the optical deposition consist of a combination of
optical trapping and heat convention effects. The first demonstrated saturable absorber
incorporating CNT consisted of a glass plate with sprayed CNT on its surface such as the
one shown if figure 3(c) however this approach required free space alighment and this led to
increased insertion losses and lower stability. It was soon recognized that saturable
absorbers fabricated directly into the fiber-end by either the spray method or the optical
deposition method would benefit from more stable operation in a simpler and highly
integrated configuration (Fig.3.(d)). Using these two simple methods a great diversity of
devices have been fabricated. The saturable absorber consists on the CNT-coated fiber
ferrule butt-coupled between two fiber ferrules and inserted into an all fiber ring cavity
laser. Using this configuration, short pulse operation can be achieved, with pulse durations
in the order of 100s of femtoseconds. Figure. 4 shows the microscope picture and scanning
electron microscope picture of a CNT-coated fiber-end by optical deposition.
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Fig. 4. (a) Microscopic picture of a fiber with optically deposited CNT, (b) Scanning electron
microscope image of the same sample.

3.1 Fabrication of CNT-polymer composites

The first demonstrations of CNT-based photonic devices were fabricated by spray-coating a
substrate with CNTs suspended in a solvent or by directly synthesizing a CNT film on a
substrate. While those reports confirm the feasibility and great potential of this novel
technology, they also showed the stringent limitations of those fabrication techniques. CNT-
based devices could only be formed as thin films, and that limited the interaction length
between the propagating light and the CNTs therefore, hindering the efficient exploitation
of their nonlinear properties. In addition, those devices suffer degradation owing to the
permanent contact with the external environment. In order to fully utilize the nonlinear
optical properties of CNT, these shortcomings needed to be addressed. Researchers
concentrated their efforts on finding an optimum host material in which to disperse and
embed the individual CNTs. Polymers were identified as such suitable host material since
they are transparent at optical communications wavelengths and have a structural
composition that allows uniform dispersion of the CNTs. There have been numerous reports
of composites consisting of CNT embedded in polymers such as polyvinylalcohol (Rozhin et
al., 2006), polyamide (Schibli et al., 2005), carboxymethyl cellulose (CMC) (Tausenev et al.,
2007) or polymethyl-methacrylate and polysterene (Nakazawa et al., 2006). Those devices
were used as saturable absorbers in various passively mode-locked laser configurations. The
main challenge initially was to disperse efficiently the CNT in the polymer. CNTs tend to
agglomerate together forming bundles of tens to hundreds of individual carbon nanotubes,
the dispersion of such bundles is a key factor to fabricate efficient devices. The bundle
breaking process is generally carried out by subjecting the CNTs to an ultrasonic bath in the
presence of a solvent. Most approaches to fabricate CNT-doped polymers consist on
dispersing the CNTs in a solution of polymer. As a result, the process of solvent evaporation
is inevitable which limits the composite dimensions. Furthermore, the dispersion takes place
in a rather viscous solution complicating the breaking up of bundles and efficient dispersion
of the CNT. Creating bulk CNT-polymer compounds is important since it provides a
platform to fabricate complex photonic structures such as CNT-doped fibers, and such
structures would allow the efficient exploitation of the nonlinear saturable absorption and
third order nonlinearity of CNTs. An alternative method developed by S. Uchida consists on
adding the CNT to a solution of methyl-methacrylate (MMA) monomer with a
polymerization initiator. CNTs are mixed and dispersed by ultrasonication in methyl-

www.intechopen.com



Carbon Nanotube-Based Photonic Devices: Applications in Nonlinear Optics 375

methacrylate (MMA) monomer prior to and during the polymerization process, thus it does
not require the use of solvents (Uchida et al., 2009). The CNTs are dispersed in a low
viscosity liquid (MMA) rather than a dissolved polymer, hence CNT bundle separation is
facilitated. After the thermally-aided polymerization we obtain a bulk state of evenly
dispersed CNT-doped PMMA. Using this method, bulk CNT-embedded PMMA with a
tangible improvement in the dispersibility of the CNTs and with added flexibility on device
design can be produced. In Figure. 5, polished disks from bulk CNT-PPMA composites are
shown, the effect of adding dopants such as DPS and BEN was also investigated with results
indicate that these dopants play the role of CNT dispersion stabilizer and thus improving
the optical properties of the CNT-PMMA composite. Nowadays, the fabrication of CNT-
polymer composites has advanced greatly and the evolution an current state of CNT-
polymer composites has been reviewed in detail by T. Hasam (Hasam et al. 2009).

i)

CNT-PMMA + DPS

100 pm 100 ppm
[ —— [ —d L

Fig. 5. Bulk fabrication of polymethyl-methacrylate (PMMA) doped with CNT under the
presence of different dopants (a) no dopant, (b) diphenyl sulfide (DPS) and (c) benzyl
benzoate (BEN). (d), (e) and (f) correspond to CNT-doped polymer optical fibers fabricated
using PMMA (Uchida et al., 2009)

3.2 CNT based devices for enhanced nonlinear applications

The nonlinearity in an optical material is proportional to the interaction length between the
nonlinear material (i.e. carbon nanotubes) and the propagating optical field. Hence, such
nonlinearity can be enhanced by increasing the length of interaction between the CNTs and the
propagating optical field. Numerous approaches have been considered for this purpose by
employing devices such as D-Shape fibers (Song et al., 2007) tapered fibers (Kieu et al., 2009),
hollow core fibers (Choi et al, 2009), micro-slot fiber devices (Martinez et al., 2010) and planar
waveguides (Kashiwagi et al., 2007). These approaches involve evanescent coupling, where the
CNTs are placed adjacent to the optical waveguide. Using these approaches the interaction
length can be significantly increased and only the tail of the pulse propagating outside of the
core interacts with the CNT. This means that the CNT are subjected only to a small fraction of
the peak power propagating through the device. Thus, the device can operate at higher powers
before damage is observed. Using such approach the nonlinear response increases due to the
longer interaction, this increase in nonlinearity is somehow hampered by the lower intensity of
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the light that effectively interacts with the CNT (note that the nonlinearity is also dependent on
the light intensity). Other approaches based on evanescent and direct interaction have been
demonstrated that provide increased interaction length with the CNTs. Recently, the fabrication
of CNT-doped polymer optical fibers (POF) has been demonstrated. By doping the POFs core
with CNTs, highly integrated devices can be in principle integrated, which will allow the
efficient utilization of the optical properties of the CNTs (Uchida et al., 2009). However, this
CNT-doped POF suffers from high insertion and coupling losses due to been multimode, large
core area fibers (150pm core diameter) as well as experiencing further losses when launching
the light into the fiber. An alternative approach based on directly injecting a solution of CNT
into a micro-channel fabricated into a standard optical power has been proposed (Martinez et
al., 2010). This method offers the means to achieve a highly integrated and compact
configuration, while ensuring the stability and low insertion losses by directly fabricating the
saturable absorber within the optical fiber. In Figure 6, various device configurations designed
to increase the interaction length and nonlinearity of CNT devices are depicted.
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Fig. 6. (a) CNT-polymer coated taper fiber (Kieu et al., 2007), (b) D-shape coated with CNT
(Song et al., 2007), (c) Polymer optical fiber doped with CNT (Uchida et al, 2009), (d) Hollow
optical fiber filled with CNT (Choi et al., 2009)

In addition, to the length of interaction, the spray method and the optical deposition method
present some drawbacks associated to them. In general, after spray or optical deposition, the
CNTs are randomly oriented and entangled. The CNT optical absorption is highly
anisotropic, and hence the direction of the propagating field with respect to the CNT axis
strongly affects the nature of the interaction. Since the CNTs are randomly dispersed, only a
fraction of them would contribute to the device operation. There is however a fabrication
technique based on low-temperature alcohol catalytic chemical vapor deposition (CVD)
method which not only can directly synthesize high-quality SWNTSs onto the substrates, but
also enables the fabrication of vertically aligned CNTs. This fabrication technique in
conjunction with a D-shape fiber configuration has been used for the fabrication of high-
pulse energy, high efficiency fiber lasers (Song et al., 2007)

4. Passive mode-locked lasers using CNT saturable absorbers

Passive mode-locked lasers are, nowadays, present in many industrial and scientific
applications that range from micromachining and microscopy to optical communications.
Passive mode-locking is achieved by incorporating an intensity-dependent component,

www.intechopen.com



Carbon Nanotube-Based Photonic Devices: Applications in Nonlinear Optics 377

generally a saturable absorber, into the optical system. Broadly speaking, this component
absorbs the incoming light linearly up to a certain threshold intensity. Once this intensity is
reached, the saturable absorber saturates and becomes transparent. Such saturable absorbers
discriminate in favor of pulse formation over continuous wave lasing. Passive mode-locking
is generally preferred to active mode-locking techniques due to its simplicity and the ability
to produce transform-limited pulses without the need for any external active devices such as
modulators. The optical absorption of CNTs is of saturable, intensity-dependent nature and
hence it is a suitable material to employ for passively mode-locked laser operation with
CNT-based saturable absorbers rapidly gaining ground on more conventional approaches to
achieve saturable absorption such as the semiconductor-based saturable absorbers mirrors
(SESAM) and Nonlinear Optical Loop Mirrors (NOLM). At this moment, SESAMs are still
the prevalent device in commercial passively mode-locked lasers, however their fabrication
process is complex requiring clean room facilities and specific fabrication for each
operational wavelength. The recovery time of a saturable absorber limits the laser repetition
rate, SESAMs require an additional ion implantation fabrication step to reduce the recovery
time from the nanosecond regime into the picosecond regime. On the other hand, CNTs
exhibit a sub-picosecond recovery time, broadband operation, compatibility with fiber, a
small foot-print and simple fabrication. In addition, CNT-based saturable absorbers can
operate in either a transmission-mode or reflection-mode. Hence, there are several reasons
why researchers are starting to favor CNT-based devices over the more established SESAMs
for commercial applications.

4.1 Passively mode-locked fiber lasers

Passively mode-locked fiber lasers are nowadays capable of producing ultrashort, high
power pulses with high beam quality, efficient heat dissipation and very robust operation in
a compact configuration. Hence fiber laser devices are sought for material processing,
supercontinuum generation, optical frequency metrology and biomedical applications
where they are a more cost-effective and viable solution than their bulkier solid state laser
counterparts (Fermann and Hartl, 2009). For fiber laser technology, however, there are still
challenges to be met in order to compete in a level field with solid state lasers in particular
in terms of the shortest available pulse durations and highest available pulse energies. In
order to meet these demands, passively mode-locked laser technology is in the midst of a
fascinating evolution striving towards higher powers, shorter pulses and improved stability.
This evolution is been fueled by the development of novel fiber designs and model-locking
mechanisms such as stretched-pulse mode-locking (Tamura et al., 1993), and the dissipative
soliton regimes (Chong et al., 2006). CNTs are becoming an integral building block for many
of those advances.

Since 2003, when the first demonstration of a fiber laser passively mode-locked by CNTs
was reported, CNT-based devices have been demonstrated in multiple configurations and
for all the relevant operational wavelengths ranging from 1pm to 2pm (Kivisto et al., 2009).
Initially, all the fiber laser reports employing CNTs operated in the slightly anomalous
dispersion regime. Thus, these lasers operated in the robust and highly stable soliton-
regime. Soliton-like fiber laser operation is capable of producing highly stable, close to
transform limited (with a very low chirp), hyperbolic-secant pulse shapes with a sub-
picosecond pulse duration, by balancing out the chromatic dispersion of the cavity with the
accumulated Kerr-nonlinearity in the fiber. Soliton-like pulses are very robust, but the pulse
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energy can hardly be scaled up, since increasing the intra-cavity power leads to increased
nonlinearity consequently the dispersion and nonlinearity balance cannot be maintained.
Furthermore, with this mode-locking regime pulse duration as short as a few hundreds of
femtoseconds can be produced but it is difficult to further reduce the pulse duration. Figure
7, shows the typical configuration of a fiber laser operating in the soliton regime, and its
characterization in terms of optical spectrum, pulse duration and rf signal. The narrow
peaks observed in the optical spectrum trace are known as Kelly sidebands, they are
common features of fiber lasers operating in the soliton regime and originate from resonant
coupling between the soliton and weak co-propagating dispersive waves.
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Fig. 7. Ring cavity fiber laser: (a) set-up (b) optical spectrum (c) autocorrelator trace (d) rf
signal.

In recent years, researchers have also demonstrated other mode-locking regimes employing
CNT saturable absorbers. For instance, stretch-pulse mode-locking, combines a section of
fiber with positive dispersion and a section with negative dispersion, as a result the pulse
“breaths” within the cavity, and it is chirped in certain sections of the fiber and then
recompressed. The laser output in this regime is Gaussian and the operation in this regime,
has several advantages with respect to soliton regime since shorter pulses and higher
powers can be achieved and the Kelly sidebands can be suppressed (Kieu et al., 2009; Sun et
al., 2010). Another laser regime is the dissipative soliton regime. In this case, the fiber in the
cavity has positive dispersion (often used for Yb-fiber Lasers), chirp grows continuous
through the fiber leaving the gain filtering mechanism and the saturable absorber to limit
the spectral broadening of the pulse. Evidently, the output is strongly chirp, but this chirp is
linear so it can be easily compensated outside the cavity (Kelleher et al., 2009; Sun et al.,
2009).

www.intechopen.com



Carbon Nanotube-Based Photonic Devices: Applications in Nonlinear Optics 379

4.2 Other laser configurations

CNTs can be used to coat a mirror. Such mirror can then be used to operate in a laser in a
reflection-mode. This can be applied to the fabrication of solid state lasers, where by using
spin coating a CNT-polymer can be deposited over the solid state laser mirror (Schmidt et
al., 2008). It is also useful to achieve short cavity lasers with multi-gigahertz repetition rates.
In fact, the highest ever reported fundamental repetition rates for a fiber laser employed a
phosphosilicate fiber codoped with erbium and ytterbium with a CNT-coated fiber ferrule
mirror and reached a repetition rate as high as 20GHz (Martinez et al., 2011). The laser set-
up and output characteristics are summarized in Figure 8. Similarly, High repetition rate,
passively mode-locked lasing by using an ultrashort cavity with a gain media consisting of a
semiconductor optical amplifier (SOA) has been demonstrated, the repetition rate in this
case was 17.2GHz (Song et al., 2007). In ring cavity fiber lasers, the long gain fibers can
compensate for the insertion losses of the saturable absorber. However, for this type of
applications, the requirements for the saturable absorber are much more stringent, with
excessive non-saturable losses truncating the modelocked operation and were optical power
and heat damage must be carefully taken into account in the design of the saturable
absorber.

WDM HR>99% HR>99%
Isolator 980nm/1550nm | ¥

Lascr o — 1 o
output Wl a
Er-Yb Fiber

Pump LD CNT-SA

Hlllﬂ IW

‘ m H lH
1SS (LTLY 1555 1565 575 158 1554

Wirvedergrh fnm] .}valtngm 1r|m51
1 14
R YT T e —r— B ARG Laver
[ | Py vem—— 25 pundimendal Frpgquency

980nm

AA=3.3nm

Dptica Il,‘vulnulld:!ml

4?;:'4.1 G Uipia itl[i"rl

1562

C

a o

=l i
o ok ow
Moo

afpeElatis Trace [814)

-
a
i

Al
= o
™

| Pty (B

o o
v oW
4 —
in r

=
a

5 0 5 1] 0
Dhtary [13] At thitd

Fig. 8. (a) Set-up for the multi-gigahertz repetition rate laser. (b) Optical output, (c) close up
to the longitudinal mode spacing (d) autocorrelator trace (e) rf spectrum.

5. Ultrafast optical switching using CNT’s third order susceptibility

Considering the vast amount of theoretical and experimental studies on the high third order
nonlinearity of CNT now available in literature and the extraordinary evolution of the CNT-
based fiber laser technology, the number of reports demonstrating functional CNT devices
that exploit the third order susceptibility of CNT is subdued. In this section, we describe
some of the most significant advances in the implementation of CNT-based devices
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demonstrating optical switching by wavelength rotation and by four-wave mixing (FWM).
This work was pioneered by Y.W. Song et al. and K. Kashiwagi et al., who used CNT-coated
D-shape fiber (Song et al., 2007) and a CNT-coated planar lightwave circuit (Kashiwagi et
al., 2007) respectively in order to increase the nonlinearity of the devices.

5.1 Wavelength conversion by polarization rotation

Tunable wavelength conversion by polarization rotation has been demonstrated using two
types of fiber devices, namely a D-shape fiber and a standard SMF fiber with a micro-slot
fiber devices inscribed through the core. In this case, the nonlinear process responsible for
the polarization rotation is cross-phase modulation (XPM). The concept of optical switching
by polarization rotation is described in Figure 9.
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Fig. 9. (a) Depiction of the process of optical switching by polarization rotation. (b) Experimental
set-up used for polarization rotation by a micro-slot fiber device (Chow et al., 2009).

Here, we will describe a characteristic polarization rotation experiment by XPM using a CNT
filled micro-slot fiber device. Conceptually, the process is the same for similar devices using D-
shape or taper fibers. The set up used for this experiment is shown in figure 9, the pump light
polarization is set so in absence of probe light its state of polarization is 45° with respect to the
polarizer, and the probe is set so its state of polarization is 90° with respect to the polarizer
(hence in the absence of pump light the output from the source would be fully suppressed).
When both pump and probe co-exist in the nonlinear media (in this case the CNT) the state of
polarization of the probe light rotates hence the probe light is received in the detector. In
principle, by adjusting the pump light power, it should be possible to transmit through the
polarizer 100% of the probe light. In this particular case, The input signal was a 23!-1 bits
pseudorandom NRZ signal at 10 Gb/s amplified by an erbium-doped fiber amplifier (EDFA),
an optical bandpass filter was used to eliminate the ASE from the EDFA. The pump and probe
were combined through a coupler and launched into the nonlinear fiber device component,
which in this case is a 50pm-long CNT-filled micro-slot fiber device. For this set-up, the
launched signal power and cw light are estimated to be 17 dBm and -3 dBm, respectively.
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The spectrum obtained at the output of the polarizer is shown in Figure 10. In our
experiment the input and converted signals are set at 1555.0 nm and 1545.0 nm, respectively.
Fig. 10(b) and 10(c) depicts the close-up spectra with a resolution of 0.01 nm of the input
signal and converted signal, respectively. Note that the converted wavelength is modulated
with obvious spectral broadening, showing that wavelength conversion is successfully
obtained. In a previous experiment with cw light only without signal modulation, an on off
extinction ratio of 13 dB of the converted wavelength is obtained. Also, it is worth noting
that the converted signal is tunable with similar switching properties. In order to investigate
the system performance of the wavelength converter, 10 Gb/s bit-error-rate (BER)
measurements were performed. Fig. 10(d) plots the output BER against the received optical
power. The wavelengths used for input and converted signal are the same with those shown
in Fig. 10(a). Fig. 10(e) shows the 10 Gb/s eye diagrams of the input signal and the
converted signal. The figure shows the results of a 10-nm down-conversion and the power
penalty is measured to be 3 dB at 109 BER level. It is believed that one possible source of the
power penalty is originated from the insufficient extinction ratio of the converted signal. If
the length of the micro-slot and the CNT concentration inside are further increased, higher
extinction ratio and lower power penalty are expected.
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Fig. 10. Experimental results (a) pump and probe signals. Close up of the modulated (b)
pump and (c) probe. (d) Bit-error-rate as a function of the received power and (e) eye
diagram of the input and received signal.

Similar experiments have been carried out using a 5cm-long D-shape fiber coated with CNT.
In this case the interaction length was three orders of magnitude longer than for the micro-
slots here described, furthermore, the launched pump power was 21dBm (higher than the
17dBm used for the micro-slots). However, the power penalty was approximately the same
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(2.5dB). These results can be understood considering that the D-shape fiber method in actual
fact makes use of evanescent field interaction and therefore the light intensity interacting
with the CNT is significantly lower than in the case of the micro-slot fiber devices.
Furthermore, it is difficult to fabricate a D-shape with a smooth surface and accurate control
of the distance between the fiber and the core. Roughness in the surface leads to increases in
the scattering losses.

5.2 Four-wave-mixing by wavelength conversion

Four-wave mixing as well as the nonlinear polarization rotation is caused by a propagating
media with a high third-order optical nonlinear susceptibility, x@. In this case, when two
frequency components propagate through the CNT-device, and additional frequency
component is created. An graphic illustration of the process employed is depicted in figure
11(a), two photons of frequency w: (pump) interact with a single photon of frequency w;
(signal) to create an additional component with a frequency of 2®; - w2. FWM is a phase-
sensitive process and the effect can accumulate over distance if the phase matching
conditions are met. In a fiber configuration, phase matching conditions are satisfied if the
components’ frequencies are close to each other, or nonlinear propagating media exhibits
the required chromatic dispersion. FWM is caused by self-phase and cross phase
modulation.
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Fig. 11. (a) Depiction of the process of optical switching by four wave mixing FWM). (b)
Experimental set-up used for the FWM experiments using a planar lightwave circuit (PLC)
(Chow et al., 2010).

FWM employing CNT has been achieved by using a CNT-coated taper fiber and a planar
lightwave circuit (PLC). The set-up described in figure 11 corresponds to experiments
employing the PLC device. The probe light is combined with a cw pump light from ECL2
through a 3 dB coupler. The combined light is then launched on a high power EDFA followed
by the prepared CNT-deposited tapered fiber. The launched pump power into the fiber is
estimated to be around +27 dBm. The amplified light then undergoes FWM effect and idlers
with new wavelengths are generated. Figure 12 shows the FWM spectrum obtained after the
CNT-deposited tapered fiber. In this experiment, the pump is fixed at 1550.0 nm and different
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idler wavelengths are obtained by tuning the probe wavelength. FWM conversion efficiency
can be defined as the ratio of the idler power to the probe power inside the CNT-deposited
tapered fiber. The FWM conversion efficiency can be approximately as shown in equation 4;

n(L)=(yP,L)* 4)

where L is the propagation distance through the CNT-deposited region, y is the effective
nonlinear coefficient, and P is the pump power. The effective nonlinear coefficient of the
CNT-deposited PLC in our experiment is calculated to be 5.64x105 W-1 km-1.

The nonlinear properties of the CNT-deposited PLC are used for FWM-based wavelength
conversion experiment by modulating the probe light to be a 231-1 bits pseudorandom NRZ
signal at 10 Gb/s. The signal is then amplified by a low noise EDFA with amplified
spontaneous emissions ASE filtering in order to compensate the insertion loss of the
modulator. The signal and the cw pump are then combined and launched into the CNT-
coated PLC. As shown in Figure 12, FWM is achieved and the relationship between the
conversion efficiency and the input signal wavelength detuning against the fixed pump is
shown in Fig. 12 (d). A 3 dB tunning range of 8nm is obtained. However, since the length of
the device is very short, it is in principle relatively easy to maintain the FWM phase
matching condition. Fig. 12(e) shows the bit error rate (BER) as a function of the received
optical power with the inset showing the 10 Gb/s eye diagrams of the input signal and the
converted signal. The figure shows the results of a 3 nm down-conversion of the input
signal with a power penalty of 3dB at 10-° BER level.
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6. Current trends and outlook

Carbon nanotube photonic technology is already a reality with various commercial
photonics solution employing CNT-based devices. it has been remarkable the
transformation of CNT-based fiber lasers from a scientific curiosity into a fundamental
building block in laying the foundations of the next generation fiber laser devices. Recently,
graphene has also been considered for saturable absorption applications. Graphene in itself
is also a very interesting material with extraordinary potential in several photonic
applications, and it is gaining ground over CNT and SESAM devices in part thanks to the
knowledge acquired over the years studying CNTs to implement efficient devices. It is still
early to say whether these three technologies will over time coexist and be applied
depending on the application or one of the three will overtake the others. In the last few
years, CNT have been making the transition from a material with very interesting optical
properties and potential from a scientific point of view to a position where CNT-SA are an
important device in the development of real technological applications and their advantages
over competing techniques are utilized. In addition to the results reported in this paper, a
number of reports apply CNT to the development of optical sampling systems (Set et al,
2008), frequency combs (Lim et al., 2009), octave spanning supercontinuum generation Kieu
et al., 2010), few-cycle pulses fiber lasers (Kieu et al., 2010) and tunable, ultra-broadband
fiber laser operation (Wang et al. 2008). CNT-based optical switching on the other hand is
still in its infancy, current demonstrations only show modest results and while the very high
third order susceptibility combined with the fast optical response is promising, significant
developments will need to be made before optical switching by CNT can become a reality in
a realistic commercial application.

7. Conclusion

In this chapter we described the optical properties of CNT and their most relevant
applications, including saturable absorption for the passive mode-locking of fiber lasers, and
optical switching for wavelength conversion have been reviewed.
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the user to better appreciate the potential of these innovating nanometer sized materials. Readers of this book
should have a good background on electron devices and semiconductor device physics as this book presents
excellent results on possible device applications of carbon nanotubes. This book begins with an analysis on
fabrication techniques, followed by a study on current models, and it presents a significant amount of work on
different devices and applications available to current technology.
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