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Abstract: Carbon nanotubes (CNTs) possess both remarka-
ble optical properties and high potential for integration in 
various photonic devices. We overview, here, recent pro-
gress in CNT applications in fibre optics putting particu-
lar emphasis on fibre lasers. We discuss fabrication and 
characterisation of different CNTs, development of CNT-
based saturable absorbers (CNT-SA), their integration and 
operation in fibre laser cavities putting emphasis on state-
of-the-art fibre lasers, mode locked using CNT-SA. We dis-
cuss new design concepts of high-performance ultrafast 
operation fibre lasers covering ytterbium (Yb), bismuth 
(Bi), erbium (Er), thulium (Tm) and holmium (Ho)-doped 
fibre lasers.

Keywords: carbon nanotubes; fibre laser; saturable 
absorber; sensing; nanostructures.

1  Introduction
Material science plays a critical role in the current explo-
sive development of photonics providing new active and 

nonlinear materials, low loss transparent or opaque 
media, and creating a platform for new applications, 
optical technologies and devices. Of particular impor-
tance are nonlinear optical materials. Optical nonlinearity 
is exploited in various photonic applications, such as, e.g. 
switching, routing and regeneration of optical signals, as 
well as for generation of ultrashort laser pulses [1]. Femto-
second lasers found applications in high-precision metrol-
ogy of time and distance [2], spectroscopy [3], nonlinear 
optics and astrophysics [4] and many other applications 
[5–7]. In this review, we discuss carbon nanotube-based 
photonic technologies and applications making a particu-
lar focus on mode-locking fibre lasers.

For ultrafast applications, nonlinear optical materials 
must possess a high nonlinear susceptibility and a fast recov-
ery time. The majority of semiconductors offer such para
meters through a resonant band/state filling mechanism [8].

Basics of mode locking are well known [9]. Continuous 
wave (CW) radiation, typically, presents a superposition 
of longitudinal modes with chaotic phases, in general, 
leading to intensity fluctuations. The gain bandwidth 
defines a range of generated longitudinal modes and the 
average duration of fluctuation intensity spikes. Nonline-
arity may result in synergetic phase locking (synchronisa-
tion) of modes through nonlinear interactions (formation 
of stable nonlinear solitary wave pulses – solitons). In this 
case, in general, laser output consists of a train of pulses 
regularly spaced by a cavity round trip time Trep:

	
rep

L nT
c
⋅=

�
(1)

where L- is the cavity length, c- is the speed of light in the 
vacuum and n is the refractive index of the medium where 
light propagates [10, 11].

To realise phase locking of laser modes, a particular 
nonlinear element has to be incorporated into the cavity 
to act as an intensity discriminator: suppressing low-
amplitude fluctuations and supporting higher-intensity 
spikes. This function can be implemented using optical 
nonlinearities both by using nonlinear effects (such as, 
e.g. Kerr-lens, nonlinear loop mirror dynamics or non-
linear polarisation evolution) or applying materials with 
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appropriate properties enabling ultrashort pulse forma-
tion through passive mode locking [10, 11]. Numerous 
works aimed to explain pulse formation in the passive 
mode-locked laser [12–16], using in particular so-called 
fluctuation model [17, 18]. The material saturable absorber, 
for instance, may exploit the property of the incident 
light of sufficient intensity to fill up upper energy states 
[8]. Then, according to the Pauli principle, multiple car-
riers cannot fill the same energy states. Thus, the further 
optical transition will be blocked, resulting in the satura-
tion of optical absorption. The material will suppress the 
low-intensity light by transmitting a high-intensity one. 
Such nonlinear materials operate as a saturable absorber 
(SA) and can be used to produce short pulses in lasers.

First studies on passive mode locking were carried 
out in 1960–1970s with solid state and dye lasers [19]. 
The achieved pulse duration in latter ones was  < 100 fs 
[20]. However, due to low efficiency, complexity and the 
heavy gauge, dye lasers could not be applied out of labo-
ratory conditions. On the contrary, fibre lasers [21], which 
emerged in 1961, benefit from the maintenance-free opera-
tion, compactness and cost-effective design.

The nonlinear optic Kerr-lens (KL) effect, based on 
the dependence of the refractive index on intensity (peak 
power), first proposed in 1975 [22], is now widely in use 
for laser mode locking [7, 10]. The main advantage of this 
technique is ultrashort time response, which is of the 
order of a few femtoseconds [11, 23, 24]. The cavity align-
ment is critical in the KL method, with a tolerable margin 
within several 100 microns [23]. In fibre lasers, nonlinear 
polarisation evolution (NPE) and nonlinear optical and 
amplifying loop mirrors are also used as effective satura-
ble absorber elements [25, 26]. However, in these methods, 
typically, mode-locked lasers should operate close to sta-
bility threshold [23] making stable operation challenging.

Most commonly used material SAs are the III–V group 
binary and ternary semiconductors in the form of multi-
ple quantum wells (MQW), grown on a distributed Bragg 
reflector [23, 27, 28]. These are so-called semiconductor 
saturable absorber mirrors (SESAMs). Generally, SESAMs 
possess a recovery time in the nanosecond time range [5]. 
To reduce the recovery time down to a few picoseconds, 
MQW structures should maintain a significant amount 
of carrier trapping defects. Methods, allowing this to be 
achieved, are low-temperature molecular beam epitaxy 
growth of the MQW or, alternatively, utilising post growth 
ion implantation [5, 28]. By the start of the 1990s and until 
now, the SESAMs were used for mode locking of solid-
state lasers in a broad spectral range between 800 nm and 
~2 μm to generate sub-100 fs pulses [5, 28]. However, a fab-
rication and mounting of SESAMs in laser cavity typically 

requires costly procedures. More important, for applica-
tion in the short-wavelength infrared region, i.e. for a 
wavelength band longer than 1.3 μm, a higher indium con-
centration is required. In its turn, a high indium concen-
tration gives a rise to highly strained layers on GaAs-based 
Bragg mirrors and, therefore, decreases the quality of the 
surface and increases non-saturable losses [29]. Thus, 
new materials with strong ultrafast optical nonlinearities, 
broad-operating spectral range, simple processing and 
device packaging are still in high demand.

Recently, transition metal dichalcogenides (TMDs), 
with the general formula MX2, where M is a transition metal, 
and X is a chalcogen [30], have renewed research interest. 
They possess remarkable layer-dependent optoelectronic 
properties, strong photoluminescence, high nonlinear-
ity and ultrafast carrier dynamics for mono- and few-layer 
forms [30] and Dirac-like linear band dispersion [31]. The 
first saturable absorption behaviour was demonstrated at 
the 1550-nm wavelength range [32]. Shortly after that, Zhao 
et  al. presented the achievement of ultrashort pulse gen-
eration in the fibre laser mode locking by the TMD-based 
SA [33]. Further investigations with the Z-scan technique 
showed that the TMDs also possess large nonlinear refrac-
tive index [34]. Thus, the TMDs could serve as both the high 
nonlinear photonic device and the SA in the laser system.

During the past decade, carbon nanotubes (CNTs) 
became a popular SA of choice, in many senses taking 
the place of SESAMs [35–38]. Being first synthesised as a 
by-product of fullerene production [39], CNTs have gained 
high attractiveness for novel electronics and photonics 
device development due to their unique features [40]. 
In 2003, single-walled CNTs (SWNTs) were applied in Er-
doped fibre laser for passive mode locking for the first time 
[41]. SWNTs are a promising candidate for the ultrashort 
pulse generation because they possess ultrafast excited 
state carrier dynamic and high optical nonlinearity [42–
44]. Semiconductor SWNTs (s-SWNTs) are a direct bandgap 
material having a series of van-Hove singularities in the 
density of state. The SWNTs band gap depends on the tube 
diameter [20]. By growing nanotubes with a proper diam-
eter distribution, it is possible to set absorption peak posi-
tions in a broad spectral range between visible and near-IR 
[20]. Additionally, theoretical calculations predicted a 
high third-order polarisability χ(3), where values are two 
orders of magnitude greater than for GaAs superlattices 
commonly used in telecommunications [45]. Spataru et al. 
[46] reported a theoretical estimation of intrinsic exciton 
lifetime of about ~10 ps for lowest bright excitons in iso-
lated SWNT. However, a recent photoluminescence study 
of small bundles in solution shows that exciton energy 
transfer between semiconducting SWNTs within bundles 
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can be an efficient carrier relaxation channel [47]. The 
multicomponent carrier recombination dynamics inher-
ent to nanotubes comes from (i) intraband thermalisation 
(with relaxation time of 200 fs) [48], (ii) exciton energy 
transfer between adjacent tubes in bundles [47], (iii) non-
radiative recombination through dark excitonic states 
and excited carrier tunnelling on metallic tubes (m-CNTs) 
(500 fs–10 ps) and (iv) the radiative recombination through 
bright excitonic states (10–500 ps) [41, 49].

There are numerous reports in the literature [50–67] on 
the use of SWNTs as mode lockers and Q-switches for ultra-
fast lasers in the broad wavelength band, which are summa-
rised in Table 1. One of the main advantages of SWNT-based 
SAs, apart from ultrashort relaxation time and high nonlin-
earity, is the ease of their fabrication and implementation 
into the laser setup. Typically, SWNT-based SAs are made 
of a solution [54, 64], or deposited on the surface of optical 
parts [53, 55] or SWNT-polymer composites [57–59, 61, 66], 
which will be discussed hereafter in detail.

There are several review papers, focused on photonic 
properties of carbon nanotubes, unlock their potential for 
application in ultrafast lasers as SA [35, 37, 38, 40]. In view 
of these trends, this review is dedicated to the tremendous 
development of the last 4 years, since the latest review paper, 
and challenges us to foresee future technological and scien-
tific growth in the field. Portraying the whole process from 
fabrication, characterization and implementation together 
in the fibre laser cavity, we provide the insight into exciting 
possibilities of CNT-based SA and, hence, deliver a complete 
interdisciplinary package for future research or an introduc-
tion to the field. The plan of the paper is the following: the 
first section is focused on CNT production, purification and 
dispersion into hosting polymers; in the second section, 
we discuss CNT/polymer film characterisation via most 
informative techniques; then, we review common methods 
for CNT-based SA implementation into a fibre laser cavity; 
the last section encompasses remarkable design concepts 
for the present-day, high-performance ultrafast fibre lasers, 
concluding with an overview of current research directions 
and possible outcomes.

2  CNT-SA fabrication

2.1  CNT synthesis

2.1.1  Arc discharge method

The arc discharge method is the first established proce-
dure for CNT production. It was initially developed for C60 

fullerenes and later transformed for multi-wall carbon 
nanotubes (MWNTs) [73] and SWNT fabrication [74, 75]. 
Typically, the arc discharge method uses arc vaporisation 
of two carbon electrodes placed a small distance from 
each other, ~1–2 mm in a cavity filled with inert gas at low 
pressure or liquids. High-temperature electrodes (~4000–
6000 K), due to resistive heating, facilitates the break-
down of the surrounding medium (gas or liquid), filled 
the chamber. The medium ionisation results in plasma 
formation between the electrodes. The high temperature 
of anode sublimates carbon and evaporates it. The carbon 
vapours are disintegrated in carbon ions due to thermal 
energy in plasma. The carbon gases move along the tem-
perature gradient towards the relatively cool cathode, 
condense into liquid carbon and later crystallises, 
forming rod-shaped deposition on the cathode, composed 
of CNTs [76]. However, the process of CNT formation is still 
questionable. Thus, there are several theories on growing 
mechanism [75, 77].

One of factors affecting CNT growth is the presence 
of catalysts. In [78], it was experimentally shown that the 
presence of metal catalyst favours SWNT growth, rather 
than MWNTs, whereas the size of the catalyst deter-
mines the diameter distribution. Both Ni and Fe can help 
increase yield and quality of SWNTs production. There-
fore, Gamaly and Ebbesen [79] demonstrated the appli-
cation of electrodes with bored holes, filled with Fe, Ni, 
Co metals, and the chamber filled with 100–500 torr of 
helium (Figure 1A). Though Fe helps to increase the length 
of nanotubes, it forms its oxide Fe2O3, which complicates 
CNT production. Thus, the Fe concentration should not 
exceed 10% for CNT formation [85]. However, in the case 
of a binary catalyst, Fe also forces MWNT formation. For 
that reason, in [86], Zhao et al. suggested to use sulfur in 
addition to Fe for DWNT production.

The temperature in the chamber mostly depends on 
the arc current and thermal properties of the medium, 
as a plasma of individual gas or liquid generates a dif-
ferent temperature. The influence of the temperature on 
CNT formation is still questionable. Several recent papers 
suggest distinctive optimum temperature for both SWNT 
and MWNT [43, 82].

First experiments utilised a pressurised chamber 
filled with 10 torr of methane and 40 torr of argon 
gas mixture, which allowed nanotube production 
with diameters ranging between 0.7 and 1.65  nm and 
a length of 1  mm [39]. Nevertheless, the arc discharge 
method utilising the gas medium is very expensive 
as it requires the application of noble gases and gas-
handling vacuum equipment. Moreover, it operates 
at a high temperature and, hence, requires the proper 
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Figure 1: Schematic setup of CNT fabrication techniques: (A) arc-discharge process; (B) laser ablation; (C) CVD method; (D) HiPco process; 
(E) CoMoCAT technique. Adapted from [80–84].

liquid-cooling system. It is essential for high-quality 
CNT production as it prevents the sintering effect. On 
the contrary, utilising the arc plasma in liquids is a very 
simple process, allowing low-cost high-yield CNT pro-
duction. First introduced in 2001, the electric arc dis-
charge in a liquid medium used water [87], followed by 
molten lithium [88] and liquid nitrogen [89] and deion-
ised water [90]. However, deionized water possesses 
excellent electrical insulating parameters. Thus, the 
arc discharge is not stable. Conversely, a salt solution 
improves electrical conductivity [90].

The result of the discharge, including diameter dis-
tribution and formation of CNT bundles, depends on the 
temperature and uniformity of the plasma arc [91]. The 
diameter distribution of forming CNTs is determined with 
the density of carbon vapours in plasma. Moreover, the 
pressure of inert gas determines the structure of the carbon 
product. For example, at the pressure of 1000 torr, carbon 
onions are produced, whereas the pressure decrease down 
to 500 torr allows the formation of nanotubes. Further, a 
decrease down to 100 and 20 torr results in fullerene and 
amorphous graphite production, correspondingly [91]. 

Furthermore, it was found that the type of electric current 
affects the CNT growing process. According to Ashraf et al. 
[92], continuous arc discharge favours diatomic carbon 
clusters C2 formation, which is essential for nanotube orig-
ination, whereas pulsed arc produces monatomic clusters 
C1. For applied DC CNTs deposit on the cathode. However, 
for AC deposition is obtained on sidewalls of the reactor 
chamber, as the polarity of electrodes changes every cycle. 
The short-pulse AC discharge is more energetic compared 
to DC. Hence, its utilisation increases the yield and allows 
more control over the process.

In conclusion, the arc discharge method is one of 
simplest ways, allowing low-cost production of CNTs. 
However, it suffers from the broad diameter distribution 
of produced CNTs, presence of bundles, soot and residual 
catalytic particles in the final product.

2.1.2  Laser ablation

First introduced in 1995, the laser ablation process 
uses a pulsed laser, which hits a graphite target in the 
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high-temperature reactor in the presence of inert gas 
[93]. An inert gas carries carbon vapours along the tem-
perature gradient from the high temperature into a cooled 
collector positioned downstream (Figure 1B). Out of 
evaporated graphite, carbon nanotubes are formed and 
deposited on the chamber wall. Produced nanotubes are 
bundled, aligned along a common axis and form a mat 
of ropes. Ropes’ diameters range between 10 and 20 nm 
and possess a length up to 100 μm. The yield of SWNTs 
out of the carbon consumed by laser ablation is more 
than 70% [94]. Compared with the above-described arc 
discharge method, laser ablation CNTs were purer (up to 
90% purity) as well as possessed a narrower diameter dis-
tribution, due to the control by varying the temperature, 
catalyst composition and laser parameters.

In pioneer experiments, two consecutive laser pulses 
were used: the first one – for initial evaporation and the 
second one – to accelerate and uniform graphite evapora-
tion process [95]. This method helped to increase the yield 
of the process and decrease the amount of deposited soot. 
Another approach showed CNT formation using CW laser 
radiation [96].

Analogous to the arc discharge method, laser abla-
tion also utilises catalysts to grow tubes on their atoms 
[97, 98]. Otherwise, laser ablation of graphite produces 
fullerenes [99]. Catalysts are essential in nanotube for-
mation as their atoms prevent the closing of the fullerene 
by attaching additional carbon particles. A single atom 
or group of atoms adsorb carbon molecules transform-
ing them into rolled graphene-like sheets until too many 
catalyst atoms accumulate at the end of the nanotube. 
This results in tube termination with a fullerene cup or 
atom of catalyst [93, 94]. The comprehensive investigation 
showed a strong effect not only on diameter distribution 
and yield but also on microstructure and morphology of 
deposited carbon nanoparticles. The first and most appli-
cable catalysts are Ni, Fe and Co and their 1:1 mixture [98]. 
It is worth noticing that bimetallic catalysts are more pro-
ductive [100]. Application of other catalytic particles, for 
example, platinum, sulfur, molybdenum or yttrium, did 
not demonstrate high-yield or high-quality CNT forma-
tion. Moreover, Ref. [97] demonstrated that mixing the 
vapour or clusters of catalytic metal particles and carbon 
in an inert gas atmosphere could increase the yield of 
nanotubes. One of the proposed methods to achieve this 
is the double-target technique, which applies two semi-
cylinder targets of C and Ni with Co, placed face-to-face 
trough a quartz glass plate. It was shown in Ref. [97] that 
one laser-ablated target of C, Ni and Co changes its com-
position during carbon vaporisation, whereas the double 
target provides a stable Ni:Co composition and, hence, 

production of uniform SWNT. The separately controlled 
hitting of carbon and catalysts targets provides additional 
improvements in this technique.

Several studies on temperature variation have been 
carried out. A high temperature increases the collision 
rate between carbon particles and, therefore, assists mass 
transportation of carbon clusters [101]. Furthermore, high 
kinetic energy limits the cooling rate of carbon particles 
and, hence, forces the decomposition of some large clus-
ters into proper precursors for nanotube growth [94]. 
The high temperature enhances the activity of the metal 
catalyst. This results in nanotube diameter increase at a 
higher temperature [102]. However, it was demonstrated 
that CNT growth is controlled by both the availability of 
proper precursors and the activity of the catalytic metal 
particles rather than temperature [103]. Moreover, a high 
temperature forces fullerene formation.

2.1.3  Chemical vapour deposition

Since the first demonstration in 1996 by Li et al. [104], the 
chemical vapour deposition (CVD) method is the most 
promising technique for the large-scale production of 
CNTs. In the beginning, the CVD method was widely used 
for fullerene and carbon nanofibre formation, though 
it produced a high amount of defects in tubular carbon 
nanoparticles. CVD nanotubes feature a small diameter 
distribution in the range from 1 to 3 nm and high aspect 
ratios of more than 104. Moreover, such SWNTs benefit 
from smooth curving and the small amount of topological 
defects along sidewalls [105].

During the CVD process, the patterned substrate is 
heated in the chamber filled with inert gas (Figure 1C). The 
gas of carbon feedstock flows into the chamber to replace 
the inert gas until the furnace cools to room temperature 
[105]. The growing process of nanotubes includes absorp-
tion, decomposition of carbon feedstock on catalytic par-
ticles and diffusion of carbon particles into catalysts from 
a supersaturated catalyst surface. The “base-growth” is 
the dominating mechanism for SWNT materials [106]. A 
nanotube lengthens with a particle-free closed end, and 
the other end of nanotube interfaces with the catalyst 
material.

The CVD method utilises a mixture of hydrocarbon 
gas and process gas (nitrogen, hydrogen or ammonia), 
which react in a chamber on a substrate, heated to 
the temperature of 700–900°C. For the carbon source 
gas, several hydrocarbons were studied, for example, 
methane [105], ethylene [107], benzene [108] or the most 
recent one, camphor (C10H16O), which moreover appeared 
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to be environment friendly [109]. A substrate is covered 
with catalytic metal particles, like Fe, Ni, Co or their com-
bination. Patterning the substrate with catalysts allows 
SWNT growth at a particular position. After the reaction, 
catalysts stay on the top or at the bottom of produced 
CNTs.

Numerous works aimed to find appropriate conditions 
for SWNT production. The first step was done by choos-
ing a suitable carbon feedstock [105, 106]. For example, 
methane, being stable at high temperatures over 1000°C, 
is protected against self-pyrolysis and, therefore, amor-
phous carbon formation [110]. Moreover, the decomposi-
tion of methane over the formed nanoparticles prevents 
their further growth and, hence, results in a higher yield 
of SWNT compared with the amount of MWNT [91]. The 
high-temperature operation during a long time scale 
forces amorphous carbon over-coating to sub-micrometre 
thickness. Thus, the time of CVD process is usually limited 
to 10 min [106].

Analogous to previously discussed CNT produc-
tion methods, catalysts play the critical role in the CVD 
process, determining the yield and type of final carbon 
products. In [110], it was shown that pore structures of 
a catalyst strongly influence diffusion rates of molecu-
lar species and, therefore, control the reaction kinetics. 
Porous materials are ideal for self-orientation of nano-
tubes on large surfaces. Moreover, better metal deposition 
on the substrate leads to the higher density of catalysts 
and defuses efficiently of reactant and product molecules, 
yielding desired results [110]. Furthermore, diameters of 
produced CNTs match the size of metal catalyst particles 
on the heated substrate at the moment of carbon source 
gas flows into the reaction chamber.

The on-going research of the CVD process has intro-
duced various modifications, for example, low-temper-
ature CVD [111] and plasma-enhanced CVD (PECVD). 
The water-assisted or low-temperature CVD allows the 
increase in catalytic particles’ lifetime, producing the so-
called “forests”, which are dense perpendicular to sub-
strate and have the length up to 2.5 mm.

PECVD is advantageous for low-temperature forma-
tion of highly aligned CNTs with predetermined geometry 
[82]. More important PECVD enables selective growth 
of s-SWNTs [82]. The strong electric field in the plasma 
creates individual and vertically freestanding nanotubes 
[112]. However, nowadays, the formation of CNTs in the 
PECVD process is still not clear. There are many uncon-
trolled parameters such as ion density, ion energy, radical 
species, radical densities, which are under thorough 
investigation. Certain plasma effects might increase cata-
lyst particle aggregation, high-energy ion bombardment, 

hence, limiting SWNT formation and forces MWNT pro-
duction. To solve this problem, diffusion plasma was used 
to decrease the ion energy. As a result, SWNTs were pro-
duced under the diffusion plasma on the flat substrate 
without any of catalytic particles [113].

Arc discharge and laser ablation are simple and, there-
fore, widely used methods though allowing to obtain only 
small amounts of high-quality CNTs. As they are based 
on a carbon evaporation technique, their product cannot 
be scaled for mass production purposes, in particular. 
The other drawback is low quality of carbon deposition, 
containing amorphous graphite, tangled forms, bundles 
and catalyst particles besides desirable SWNTs [91]. Con-
sequently, chemical methods are considered to be more 
promising.

2.1.4  High-pressure carbon monoxide reaction (HiPco)

Above-described methods utilised hydrocarbons as 
carbon source gases. However, amorphous graphite over-
coating or graphitic products of hydrocarbon pyrolysis 
limit high-yield and high-quality CNT formation at high 
temperatures. These obstacles forced application of other 
gases. The novel method, called high-pressure carbon 
monoxide reaction (HiPco), utilises carbon monoxide 
CO, as a carbon feedstock [114]. In this method, Fe(CO)5 is 
injected into a CO gas at high temperature and high pres-
sure, promoting the Boudouard reaction:

	 2CO CO ( ) CO (g)C s+ = + � (2)

Figure 1D presents the schematic of the HiPco setup. It 
consists of a narrow tube, through which hot CO vapours 
and cold Fe(CO)5 and CO gases flow in opposite directions. 
The temperature inside the furnace is kept between 800°C 
and 1200°C. The water flow cools cold gases on their way 
to the furnace, where they undergo rapid heating. On 
the contrary, hot CO gas passes through the spiral heat 
exchanger within the furnace and is sprayed through a 
circle of narrow-gauge needles. Such temperature differ-
ence and the speed of heating results in the SWNT forma-
tion preferable to other carbon forms and increases their 
length [114].

Controlling parameters of the gas flow, Yakobson 
et al. achieved the formation of the SWNT with a diam-
eter of 0.7 nm. This value is about the diameter of a C60 
fullerene and supposed to be the smallest stable SWNT, 
achievable chemically [115]. Chiang et al. explained the 
CNT formation during the HiPCO method as follows: 
metal clusters achieve a size of C60 fullerenes with 
the diameter of about 1 nm and nucleate. Being a more 
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8      M. Chernysheva et al.: Carbon nanotubes for fibre lasers

stable carbon particle, CNTs grow around catalyst clus-
ters [116].

Pioneer works have shown that temperature and 
pressure increase (up to 50 atm) rise production rate and 
yield of SWNT [117]. At higher pressures, CO molecules 
disproportionate faster, resulting in the formation of 
more C atoms on each Fe cluster and faster SWNT nuclea-
tion relative to continued particle growth. Moreover, 
produced SWNTs possess smaller diameters as pressure 
increases [116].

Compared to hydrocarbons used in arc discharge or 
laser ablation methods, the CO as a carbon source gas 
disproportionates much slower. In [114], the use of the 
mixture of CO with the small amount of methane (0.7%) 
has been demonstrated. This method helped to increase 
the yield of SWNTs, though higher concentrations gave 
amorphous carbon overcoating or required lower produc-
tion temperatures. In other works, a mixture of benzene 
and ferrocene [108], metallocenes in an admixture with 
C2H2 [118], CO and CO/H2 [119] or Fe(C5H5)2 [120] was sug-
gested as a carbon feedstock. Moreover, ultralong SWNTs 
of 10–20  cm length have been synthesised by Zhu et  al. 
using a hexane solution of ferrocene and thiophene with 
hydrogen as the carrier gas [121]. The Young’s modulus of 
these SWNTs ranged from 49 to 77 GPa.

2.1.5  Cobalt and molybdenum (CoMo) CAT process

In 2000, a new method utilising cobalt and molybdenum 
catalysts and CO as a carbon source gas (CoMoCAT) was 
developed by Kitiyanan et al. [122]. Since very first experi-
ments, the CoMoCAT method appeared to be promising 
and fruitful, allowing to produce about 0.25 g SWNT/g 
catalyst in a couple of hours. The amount of SWNT could 
reach 80%.

This method is based on the CO decomposition 
described by the Boudouard reaction (2). The temperature 
of the CO gas usually ranges between 700°C and 950°C 
with the pressure from 1 to 10 atm. The presence of Mo 
on the same substrate limits Co sintering before the reac-
tion. After the reaction of CO disproportionation begins, 
Mo oxide transforms into Mo carbide, which cannot 
restrict Co metallization [91]. Metallic Co particles being 
dispersed in the chamber hit CO molecules. CO molecules 
decompose and nucleate until a certain configuration 
and carbon surface concentration are obtained for CNT 
formation (Figure 1E). The configuration of this so-called 
embryo determines the diameter of the future nanotube. 
The following formation of CNTs by incorporation of 
carbon onto the embryo is extremely fast and takes several 

milliseconds, whereas the whole CoMoCAT process can 
last for hours [84]. With the temperature growth (up to 
850–950°C), larger metal clusters are formed on the cata-
lyst surface, which cause the production of nanotubes 
with larger diameters.

Initially, silica substrate has been utilised for the 
CoMoCAT process, as it features lower affinity of silica for 
the Co and Mo ions, therefore, facilitating the Co-Mo inter-
action. Another research was focused on the application 
of the aluminium substrate, and found wide application 
in industrial production [123].

The presence of two simultaneous catalysts Co and 
Mo is essential for CNT formation. Mo forms small clus-
ters of well-dispersed Mo6+ particles, which interact with 
Co, forming a Co-molybdate-like structure. Under reaction 
conditions, Mo oxide species are converted into Mo carbide, 
releasing the metallic Co in a state of high dispersion, which 
forces the formation of SWNT [123]. Otherwise, in the case 
of the presence of Co only or at a high Co:Mo ratio interacts 
into a nonselective Co3O4 phase, which further reduces to 
metallic Co. Large metallic Co clusters handle the forma-
tion of MWNT, filaments, graphite and other side products. 
This makes catalysts unselective [124]. The other case is the 
presence of Mo only catalytic particles or low Co:Mo ratios, 
which creates inactive catalysts.

All currently known synthesis methods cannot 
provide pure CNTs; the product usually contains impuri-
ties like catalytic particles, amorphous graphite, fuller-
enes, etc. Here, we just briefly discuss proposed methods to 
separate desired CNTs from the raw products and improve 
surface area, including oxidation, ultrasonication, acid or 
thermal treatment techniques and micro-filtration.

Ultrasonication technique is based on the separation 
of agglomerates of different nanoparticles due to ultra-
sonic vibrations. When an acid is used, the purity of CNTs 
depends on the sonication time. During the tube vibration 
to the acid for a short period, only the metal is solvated, 
but in a more extended session, CNTs are also chemically 
cut [125, 126].

As it follows from the name, during oxidation, CNTs 
and impurities are oxidised. Impurities, which are, in 
general, metals of catalysts get damaged at a higher rate, 
than CNTs. The yield of the oxidation process depends 
on metal content, oxidation time and agents and 
environment [127].

Micro-filtration rests on particle size: bigger parti-
cles are trapped in a filter, whereas small particles like 
catalyst metal, fullerenes and CNTs pass through the filter 
[125]. The other version of micro-filtration is cross flow 
filtration. The filtrate is pumped down at the head pres-
sure from a reservoir, and the fast-flowing suspension is 
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returned to the same reservoir to be cycled through the 
fibre again [127].

For acid treatment, different acids were studied. The 
nitric acid HNO3 was found to affect the metal catalyst 
only, showing no selectivity on the CNTs and the other 
carbon nanoparticles, whereas the hydrochloric acid HCl 
showed a little impact on the CNTs [126].

Temperature plays a critical role in all of these pro-
cesses, determining their efficiency and yield. During the 
thermal treatment, the metal clusters are melted and can 
be easily removed [126].

The choice of SWNTs for saturable absolution appli-
cation is usually conditioned by available semiconduc-
tor SWNTs with an energy band resonantly matching the 
operation wavelength-specific fibre laser. As an example, 
CoMoCaT SWNTs of small diameters (0.7–1.1 nm) perfectly 
works in Yb and Bi-doped fibre lasers [51, 61]. At the same 
time, HiPco tubes are very efficient for Er, Pr, Bi-doped 
fibre lasers [62, 128, 129]. Finally, SWNTs grown by the 
laser ablation method usually have a narrow diameter up 
to 1.4 nm distribution and can be applied for Er, Tm, Ho-
doped fibre lasers [56, 71, 129].

2.2  CNT separation

Most of the advanced CNT applications, especially in 
electronics, require that their well-defined structures 
and electrical properties can be achieved in the case of 
the uniform CNT geometry in the sample, i.e. length, 
conductivity type, diameter and chirality. The first 
approach of the selective growth of CNT was realised by 
the controlled CVD method [82, 130]. Later, numerous 
works were focused on the production of single geom-
etry nanotubes [130–132]. However, presented methods 
are very complicated and cannot be used for mass 
production.

Therefore, nowadays, the CNT separation is widely 
used, for example, using electrical breakdown [133], 
chemical reagents [134] and laser or microwave radiation 
[135]. Though these techniques result in the destruction 
of removed particles. The other way to achieve high-
purity solutions of both m- and s-CNTs, numerous post-
growth techniques presented below in detail have been 
developed.

The selective chemical functionalization is based 
on different patterns of the interaction of CNTs with sur-
factants, polymers, DNA and organic molecules, depend-
ing on their electronic properties, diameter and chirality. 
It falls into four main categories: (i) covalent reaction on 
sidewalls, (ii) covalent reaction on defects and open tube 

Figure 2: Types of chemical functionalisation: (A) covalent func-
tionalisation; (B) endohedral functionalisation; (C) non-covalent 
polymer wrapping; (D) non-covalent functionalisation.

ends, (iii) non-covalent functionality with surfactants 
and (iv) non-covalent polymer wrapping or molecule 
adsorption into tubes (Figure 2). The covalent reaction on 
sidewalls allows selection by the conductivity type and 
diameters.

If the curvature of a CNT surface is neglected, the 
density of states (DOS) of CNT is characterised by van 
Hove singularities [136]. Singularities present a set of δ 
functions, symmetrically located with respect to the Fermi 
level. The CNT diameter determines the distance between 
singularities. The dependence of the electronic structure 
of CNT on the geometry can be explained using the DOS 
model. Only discrete values of the vertical component of 
the wave vector k, which fulfil the condition of continuity 
wave function along the tube circumference:

	

d
m
π

λ⊥ =
�

(3)

Here, λ- is the wavelength of the wave function along the 
CNT circumference, d- is the CNT diameter. The DOS model 
proves that only dipole-allowed optical transitions can 
occur between symmetrical singularities, i.e. transitions 
with the absorption of photons with energies E11, E22, E33, … 
between valence and conduction bands (Figure 3).

Metal CNTs possess a higher reactivity due to a higher 
DOS at the Fermi level and lower ionisation potential. Dis-
tinctive reactivity was first demonstrated in [137] using 
diazonium halide as an electron-withdrawing reagent to 
separate m-CNT from s-CNT. On the contrary, salts of ben-
zenediazonium showed higher reactivity for s-CNT with 
smaller diameters [138]. Later, the list of chemicals, suita-
ble for the covalent chemical reaction has been advanced 
[139, 140].
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10      M. Chernysheva et al.: Carbon nanotubes for fibre lasers

On the contrary to the irrepressible chemical reac-
tion during covalent functionalization, non-covalent 
CNT functionalization retains the sp2 structure of CNTs, 
preserving their electronic properties [141]. In [142] Nish 
et al. proposed that both relative orientation of CNT and 
polymer chain determine the conformation of the polymer 
around tubes along with electron exchange in the case of 
m-CNTs. It was observed that π-π interactions between the 
graphite sheet and the aromatic component amphiphilic 
molecule include both electrostatic and van der Waals 
interactions [143]. Hence, polymers containing aromatic 
moieties appeared to be efficient adsorbents onto the 
graphite surface [144].

Interaction of s-CNT with chemical or biological com-
pounds such as DNA molecules allows the selection of 
a wide range of diameters and chirality [145, 146]. Aside 
from that, the protein and DNA binding to CNT is very 
fruitful for medicine, as CNTs can deliver the medical 
drug, peptides, nucleic acids, crossing cell membranes 
[147]. Methods based on such interactions referred to as 
chromatography, include anion exchange chromatogra-
phy (AEC) [146], size-exclusion chromatography [148] and 
electrokinetic chromatography [149]. DNA-coated CNT 
solutions benefit from high stability in the time domain; 
they stay stable for months at room temperature [150]. 
Though, due to the limited length of wrapping DNA mole-
cules, the method is suitable for CNTs, when the diameter 
does not exceed 1.2 nm.

Electrophoresis allows CNT separation by their 
physical and electronic properties [151]. Constant current 
induces CNT geometry-dependent transfer through the 
dispersion, making smaller diameter or shorter CNTs 
propagate faster. By the combination of electrophore-
sis with selective functionalization using electron-with-
drawing reagents, two fractions can be collected. s-CNTs 

Figure 3: Example of the CNT density of states.

remain at the central part of the suspension, whereas 
m-CNTs move to the cathode. In its turn, during dielectro-
phoresis, the launched alternating current results in the 
opposite transfer of s- and m-CNT along the field gradient 
towards microelectrodes [152]. However, dielectrophoresis 
is a very low-yield method, about 10–12 g.

Gradient ultracentrifugation is based on the analysis 
of hydrodynamics of a complex system of CNT and sur-
factant [153]. It allows diameter and chirality selection, as 
well as separation of s- and m-CNT [154]. The surfactant 
forms a gradient of density, similar to one of CNTs. Indi-
vidual CNTs migrate into surfactant layers matching 
their density during the ultracentrifugation process (with 
acceleration g > 100,000). Assuming that the surfactant 
interacts with all dispersed CNTs equally, irrespective of 
their conductivity type or geometry, the buoyant density 
of the resulting suspension depends only on CNT diam-
eter [155]. To achieve selection by conductivity type, one 
should apply two surfactants with both different density 
and reactivity for either s- or m-CNTs. For example, in a 
pioneering work, Arnold et al. used sodium cholate as an 
effective surfactant and iodixanol as a density gradient 
solution [156]. High-density lower layers of the disper-
sion contain m-CNT, possessing higher reactivity, whereas 
s-CNTs reside in the upper layer. The purity of the metal 
fraction of the CNT in this method reaches 99% [153]. 
Yanagi et al. [157] demonstrate suspensions of high-purity 
separated geometries of m-CNTs with diameters of 1.34, 
1.0 and 0.84 nm, which featured three different colours: 
cyan, magenta and yellow, correspondingly. Yanagi 
et  al. also reported the dependence of the centrifuga-
tion process on temperature conditions using sucrose as 
a density gradient medium [158]. They showed that with 
temperature decrease, the purity of the separated layers 
becomes higher.

Surfactants not only interact with the sidewalls of the 
nanotube but can also soak through the tube that makes a 
huge impact on the resulting density of suspension [159]. 
Therefore, another reason to apply two surfactants simul-
taneously is the different reactions for CNT [160]. In [161], 
two different types of the solution consisting of sodium 
deoxycholate (DOC) and sodium dodecyl sulfate (SDS) 
were examined. The DOC with a higher reactivity [160] 
determines the initial structure of the surfactant-CNT 
molecule, whereas SDS molecules incorporate into the 
vacant space in between the DOC molecules (Figure  4). 
Additionally, molecules of SDS are much smaller than 
DOC. Hence, the increase in mass due to additional SDS 
is negligible, but not the growth of buoyant density. 
Increasing concentration of SDS molecules in the solution 
makes them replace DOC, wrapping the SWNTs. However, 
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small-diameter nanotubes have a stronger interaction 
with DOC compared to SDS. Hence, the additional wrap-
ping by SDS increases the buoyant density, and small-
diameter CNTs travel downwards the suspension [161].

2.3  Hosting polymers

The remarkable variety of photonic polymers such as 
silicones, acrylates, polyimides, epoxy optical adhesives 
are currently available for advanced photonic system 
integration via photolithography, imprinting, capil-
lary moulding, two-photon laser polymerisation, direct 
printing, etc. [162]. Such materials need to provide low 
losses at operation spectral/telecom bands, high stabil-
ity against laser damage and environmental degradation. 
Typically, losses for polymers are incorporated into fibre 
optics systems associated with an optical absorption of 
the C-O and C-H bonds and can be significantly mitigated 
by fluorinating [163].

A strategy for choosing a suitable polymer matrix for 
the preparation of a nonlinear optic device with SWNTs is 
conditioned by following facts. First, SWNTs is a unique 
1-d material with chirality-dependent electronic structures 
resulting in either metallic or semiconducting properties 
[35]. Next, SWNTs are the strongly hydrophobic mate-
rial having strong van der Waals (500 eV/μm) attraction 
between tubes [164]. As a result, it is extremely difficult 
to disperse raw SWNTs directly into the polymer matrix 
without either covalent or non-covalent fictionalisation of 
their surface.

However, covalent functionalisation modifies the 
structure of CNTs by chemically induced molecules 
at SWNT’s sidewalls or caps. This is a non-reversible 
approach with the introduction of many defect sites 

Figure 4: CNT separation using two different surfactants.

totally disturbing the electronic structure of SWNTs [165]. 
On the contrary, the non-covalent functionalisation is 
realised through the hydrophobic or π-staking interac-
tion between the nanotube surface and the wrapping 
surfactant or polymer molecules, proteins and DNA [166]. 
Importantly, the non-covalent functionalisation does not 
perturb the electronic properties of SWNTs [166]. However, 
such systems are very sensitive to the environmental con-
ditions and the physical-chemical parameters in solvents/
polymers due to weak forces involved in the non-covalent 
functionalisation.

Therefore, the initial stage of the SWNTs-composite 
preparation will involve either functionalisation in 
aquatic or organic solvents fully compatible with targeted 
polymers. Practically, the non-covalent functionalisation 
in aqua media was efficiently achieved via surfactant 
[164, 167] or polymer [166] assisted ultra-sonication. Ini-
tially, the sonication breaks/collapses nanotube bundles 
with the following wrapping of the CNT by surfactants/
polymers. Anionic surfactants like SDS, SDBS and bile 
salts have been used in the majority of works for disper-
sion of SWNTs in water [167]. The following centrifugation 
allows a fine control of bundles/aggregates size within 
the solution. In another approach, cellulose derivatives 
(polymer) were used as a dispersion agent to achieve the 
initial aquatic dispersion of SWNTs. Finally, resulting dis-
persions were mixed with the water-soluble polymer such 
as polyvinyl alcohol (PVA) [168, 169], cellulose derivatives 
[69] or polyethylene oxide (PEO) [170] and dried in order to 
achieve a freestanding film.

Among many organic solvents, N-methyl-2 pyrro-
lidone (NMP) was found as a very promising solvent for 
dispersion of SWNTs as it allows a direct solubility of 
SWNTs with a concentration of 0.01–0.02 g/l [171]. Impor-
tantly, the utilisation of non-ionic surfactants of Triton and 
Twen families, and polyvinyl pyrrolidone (PVP) results in 
a dramatic increase in the concentration of SWNTs within 
NMP [172, 173]. There are a number of polymers such as 
cellulose derivatives, polyamides, polyimides, polyesters, 
polystyrene, polycarbonates, etc., compatible with NMP. 
However, only a few successful SWNT composites with a 
strong saturable absorption properties have been realised 
so far [174].

The functionalisation of SWNTs by conjugated poly-
mers, such as poly(phenylene vinylene) (PPV) and poly(3-
hexylthiophene-2,5-diyl) (P3HT), were proven effective 
to disperse SWNTs’ bundles in common organic solvents 
such as chloroform [175, 176], tetrahydrofuran (THF) or 
1,2-dichlorobenzene (DCB) [177] due to π-π stacking of 
aromatic rings of the polymer on SWNT sidewalls through 
van der Waals interactions. The system was efficiently 
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used for the preparation of SWNT-poly-methyl-meth-
acrylate (PMMA) [178] and SWNT-polycarbonate saturable 
absorbers [177, 179].

Finally, SWNT-polymer saturable absorbers were 
demonstrated through a direct (solvent free) dispersion of 
SWNT in polydimethylsiloxane and PMMA [180, 181].

As we mentioned above, photonic polymers need to 
show low losses and environmental and laser stability. 
However, SWNT-water soluble polymers (mostly PVA) 
saturable absorbers have dominated so far. The reason 
is a simple control of the concentration of SWNTs, 
SWNT bundle size, and a thickness of composite allows 
engineering of a saturable absorber with specific recovery 
time, modulation depth, saturation intensity and non-
saturable loss. Additionally, the SWNT-PVA composite 
offers an opportunity for alignment of SWNTs within a 
composite through a mechanical stretching technique, 
which was utilised for the production of PVA-iodine polar-
isers by Polaroid since 1929 and until 2004 [182].

3  CNT material characterisation

3.1  Optical absorption spectroscopy (OAS)

Usually, OAS allows quite an accurate estimate of the tube 
diameter distribution. If a sample contains CNT of a single 
geometry (n,m), the absorption spectrum contains a set 
of narrow spectral lines at wavelengths corresponding to 
relevant to dipole-allowed optical transitions E11, E22, E33 … 
(Figure 5). The width of the lines is varying around 30 meV 
and is determined by thermal broadening [183]. However, 

Figure 5: Small signal absorption spectrum of CNTs, produced by 
arc discharge, laser ablation, HiPco and CoMoCAT methods.

the spectrum of CNT bundles contains the set of such lines, 
each of them characterises the CNT of the particular geom-
etry. The strong intertube coupling blends energy states of 
the CNT in the bundle [20], and the commonly large tube 
diameter distribution eliminates the fine structure in the 
spectrum. As a result, the absorption spectrum contains 
broad absorption regions, corresponding to E11, E22, E33, 
… allowed transitions (Figure 3). More specifically, the 
spectrum clearly shows the first two allowed transitions 
of s-CNT, shown as S11 and S22, and the first transition of 
m-CNTs M11 [184]. Hence, to get detailed information out of 
the OAS, samples of CNT should be highly purified.

In the case of linear absorption, the change in light 
intensity dI(λ) after propagation through the sample can 
be determined using the Buger-Lambert-Beer equation:

	 0( ) ( ) exp(- ( ) )I I k Lλ λ λ= ⋅ � (4)

Here, I0(λ)- is the light intensity after the propagation, L- is 
the sample width, k(λ)- is the absorption coefficient. For 
liquids and polymer films, this equation becomes:

	 ( )
0( ) ( ) 10 CLI I ε λλ λ= ⋅ � (5)

Here, ε(λ)- is the molar extinction coefficient, C- is the 
molar concentration. The OAS can help determine the 
density of the CNT sample, which is one of important 
parameters of SA [182].

The OAS is a useful technique for CNT alignment 
studies. Works of [182] and [185] studied samples with 
high tube alignment due to film stretching. The intensity 
of absorption spectra was remarkably higher for the inci-
dent light polarised along the transition dipole moments 
along the tube axis, which overlap with stretching direc-
tion, compared to cross-polarised light.

3.2  Raman spectroscopy

Raman spectroscopy is the most informative and com-
monly used method of CNT diagnostics [186]. It is based on 
inelastic scattering when the incident wave hω scatters on 
phonons of the medium and excites its molecules. Excited 
molecules emit radiation hωs on summation (Stoke) and 
differential (anti-Stoke) frequencies ωs = ωi±ωs; here ω0 is 
the phonon frequency. For the CNT, Raman spectroscopy is 
quite an effective diagnostic technique. It allows to detect 
the presence of SWNT, even a single one, in the sample 
and determine their conductivity type. The intensity of the 
Raman spectrum, especially in the case of aligned SWNTs, 
strongly depends on the polarisation of the incident radi-
ation. SWNTs absorb and emit light polarised along the 
tube axis and suppress cross-polarised light signals [20]. 
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M. Chernysheva et al.: Carbon nanotubes for fibre lasers      13

Such behaviour is similar to antennas and is highly pro-
nounced for tubes with small diameters, up to 2 nm.

The Raman spectrum of SWNT is close to one of the 
highly oriented pyrolytic graphites with the main differ-
ence in the split high-energy tangential mode G at 1582 cm-1 
(Figure  6). The two-peak structure originates from rolling 
graphene shift into the cylinder, causing breaking of the 
symmetry of the tangential vibration. Frequencies and 
intensities of two lines depend on the SWNT geometry and 
conductivity [187]. Split components on the tangential mode 
of the SWNT sample with different phonon frequencies 
ωs are called G- and G+ corresponding to their relative low 
and high frequencies. For example, for m-SWNTs, a high-
energy mode does not possess the G+ component [188]. It is 
broadened and shifted to the low-frequency region, due to 
the presence of free electrons. In the case of s-SWNTs, the G- 
mode refers to tangential optical phonons, whereas G+ refers 
to longitudinal optical phonons [189]. Splitting of the tan-
gential mode can be used for diameter characterisation. The 
frequency of the G+ component in both s- and m-SWNT does 
not depend on the tube diameter, whereas the frequency 
of the G- component increases as the diameter grows. Such 
growths are more pronounced for smaller diameters [186]. 
Hence, the frequency difference of the G+ and G- components 
gives an accurate estimation of its diameter in the case of 
isolated SWNT. As in the sample, especially one containing 
bundles, there is a Gaussian SWNT diameter distribution; 
this method would determine the mean diameter.

The other difference of the SWNT Raman spectrum is 
the existence of high intensive radial “breathing” modes 
(RBM) at low frequencies (120–250 cm-1). These frequen-
cies, ωRBM, correspond to radial vibrations of tubes and 
depend on their geometry and the environment [190]:

	
RBM

CNT

A B
d

ω = +
�

(6)

Figure 6: Example of Raman spectrum of CMC/SWNT polymer film. 
The spectrum shows doublet G mode at 1592 cm-1 and RBM at 152, 
167 and 174 cm-1.

Here, A and B- are experimentally determined constants, 
dCNT- is the SWNT diameter. Constant A is determined by 
the dispersion curve of graphite, whereas B reflects the 
frequency shift due to van der Waals forces causing the 
bundle effect [191]. However, functions of ωRBM can overlap 
in the region of typical SWNT diameters, between 1 and 
2 [186]. RBM frequency of SWNTs with diameters  < 1  nm 
strongly depends on tube chirality, whereas for large 
diameters, more than 2 nm, RBM peak is low intensive and 
hardly detected [192].

To understand the Raman signal from SWNT, the 
RBM information, in particular, it is important to use 
the Kataura plot of excitation and emission energies, Eii, 
dependence on tube diameter dCNT [184]. It shows the 
(n,m) SWNT configuration for the tubes, which energies 
Eii are in resonance with the laser line. Raman measure-
ments at a different wavelength can provide detailed 
information on diameter distribution in the sample [193].

On the left side of the high-energy G mode, there is 
the D mode, which is a fingerprint of all graphite-based 
structures. A high ratio of G and D mode intensities justify 
a few nanotube structural defects [184].

The G’ mode is the second overtone of the D mode and 
has the second highest intensity in the Raman spectrum. 
Its spectral position depends on the SWNT geometry and, 
thus, allows approximate estimation of tubes’ diameters 
[20].

The Raman spectrum of DWNT is more complicated, 
as its primary features are less pronounced. For example, 
both inner and outer tubes are characterised by their 
frequency difference of G+ and G- modes. The inner tube 
shows a big frequency difference, whereas for the outer 
tube, G+ and G- components are almost merged. There-
fore, the overall DWNT tangential G mode has asymmet-
ric line shape and centres at 1580 cm-1 [72]. The RMB of 
outer tubes with large diameters are usually weak, and 
to observe them, a real resonance of Eii and laser line is 
essential. Several laser excitation frequencies should be 
used to obtain a detailed characterization of DWNT [72].

3.3  Pump-probe measurements

Pump-probe or time-resolved spectroscopy is designed 
for ultrafast phenomena measurements, for example, 
the recovery time of the material, or SA. As is men-
tioned above, relaxation time is one of SA principal 
parameters.

Radiation of two optical sources, operating in ultra-
short pulse regime, is launched on the studied sample via 
collimators and a system of lenses. Instead of two different 
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14      M. Chernysheva et al.: Carbon nanotubes for fibre lasers

pulsed laser sources, one pulse train can be divided into 
two parts using a beam splitter. However, there is no par-
ticular need to use sources generating at one wavelength. 
In this case, pump-probe spectroscopy would be referred 
as a two-colour measurement, although the pulse dura-
tion plays a critical role as to determining the measure-
ment resolution. The pulse from the pump source arrives 
first on the sample. The photon energy matches the E22 
energy transition of CNT. As a result of the excitation, the 
electron (e-) and hole (h+) originate in the second conduc-
tion c2 and valence v2 bands, correspondingly, and form 
a strongly bound exciton (Figure 3) [194]. Following that, 
the exciton relaxes the intraband to the fundamental 
band gap E11 with the origination of one or two excitons 
of the first sub-band or unbound electron-hole pairs 
[195]. After the adjusted delay, the probe pulse of weaker 
power is launched to measure the sample’s transmission 
as a function of delay time. Pump-probe measurements 
provide information on the decay of the generated exci-
tation and, thus, allows estimate recovery time of CNT 
samples.

For CNTs as typical semiconductors, the transmission 
bi-temporal response is inherent. Intraband and interband 
relaxation responses can explain the existence of fast and 
slow recovery time components (Figure 7) [197].

3.4  Power-dependent characterisation

Along with all of above-described techniques, power-
dependent measurements are essential for CNT sample 
characterisation as SA. Power-dependent measurements 
allow to determine the nonlinear optical absorption of 
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aperture Z-scan measurements [169].

the sample and estimate modulation depth, which are 
relevant parameters of SA. This can be done by two main 
methods, the so-called Z- and P-scan [198].

During Z-scan measurements, ultrashort optical 
pulses with Gaussian beam profiles are launched on the 
sample. Slowly moving the sample on the translation 
stage along the optical axis of the beam, the intensity of 
the launched light I0 is altered, according to equation (7), 
passing through the maximum on the focal point:

	

pulse
2
0

(0)
E

I
πω τ

=
�

(7)

Here, ω0- is the radius of the beam waist, Epulse- is the pulse 
energy and τ- is the pulse duration. Further, the beam 
is refocused by a lens onto a photodiode to measure the 
output power and, hence, sample transmission. In the 
case of incident power increase, the absorption saturates, 
and nonlinear bleaching effect can be observed. This 
method is called “open aperture” Z-scan [199].

Figure 8 shows the normalised transmission ΔT as a 
function of the sample position Z, which can be described 
by the equation (z-position):
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Here, Z0- is the Rayleigh range, Z0 = 2nωπω0/λ, α0 = βI0 
(1-e-aL)/α, α- is the absorption coefficient, β- is the two-
photon absorption coefficient and L- is the sample length.

The other approach is the so-called closed aperture 
Z-scan measurement with aperture placed in the far 
field, i.e. between the sample and the photodiode so 
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that the distance from the lens focus is much larger than 
Z0. The aperture can lock in to half of the beam inten-
sity, transmitted through the sample [200]. Owing to 
nonlinear properties of the sample, the intensity of the 
light incident on the photodetector will vary due to self-
focusing or defocusing in the sample, as in Kerr lenses 
[199]. The output of the photodetector during the sample 
translation will show the peak and valley, which posi-
tion depends on the sign of the nonlinear shift in the 
sample [201]. The phase shift occurring in the sample 
Δφ can be estimated with the change of the normalised 
transmittance between the peak and valley ΔT if the 
fraction of the light transmitted through the aperture S 
is known [200]:

	
0.270.406(1- )

T
S

∆
∆φ=

�
(9)

However, if the sample possesses not only a nonlinear 
refractive index but nonlinear absorption as in the case of 
CNT, the “close aperture” Z-scan method becomes inaccu-
rate, and the function of the nonlinear refraction becomes 
asymmetrical. Hence, the result of the closed aperture 
measurement should be divided by the open aperture 
scan to restore the symmetry of the curves [202].

Another technique to realise the power-depend-
ent transmission is to alter directly the intensity of the 
light incident on the sample, using the so-called P-scan 
method (see Figure 9). The launched power of the mode-
locked laser source generating sub-picosecond pulses is 
varied with means of the variable optical attenuator (VOA) 
so that the laser output characteristics are strictly fixed. 
The radiation from the ultrafast laser is split equally and 
launched both into the reference arm and on the SWNT 
sample. The output power is measured simultaneously 
from both ports by the power meter.

Figure 9: Modulation depth measurement setup. Inset: Normalised 
absorption and transmission as a function of pump power.

The transmission at the sample as a function of the 
launched intensity is presented in the inset in Figure 9 and 
can be analysed using the Beer-Lambert law [203]:

	 0 0-( )exp ns I LT α α+= � (10)

The absorption decreases with the peak power increase 
according to the equation [11]:
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Here, α0- is the absorption modulation depth, αns- is the 
non-saturable absorption, Ppeaksat- is the saturation peak 
power.

In summary, the P-scan offers an easy and effec-
tive method to observe the saturation of absorption and 
measure the modulation depth of samples to character-
ise nonlinear absorption behaviour. It benefits from the 
insensibility to sample non-uniformity and, therefore, is 
a successful technique for CNT sample characterisation.

3.5  Photoluminescence excitation

The first infrared photoluminescence of carbon nano-
tubes dispersed in a solution was demonstrated in 2002 
[164, 183] proving emission from electron-hole recombina-
tion at the band edge. The characterisation became pos-
sible only after individually isolated carbon nanotubes 
could be obtained. Nanotube isolation is critical due to 
the presence of both m- and s-CNTs in the solution and 
the tendency to form bundles, which causes radiation-
less intertube carrier transfer [204]. Photoluminescence 
excitation (PLE) allows not only to verify the presence of 
single-walled carbon nanotubes in a sample but also to 
determine the geometry of s-CNTs with a high accuracy, 
study their electronic and optical properties, interac-
tions of single nanotubes in bundles [49] and with the 
environment [205].

In photoluminescence excitation (PLE), a sample is 
scanned over a broad range of excitation and emission 
wavelengths to create a PLE map. The absorption occurs 
on E22, E33, … transitions, while emission is only on E11. 
As the absorption and emission energies strongly depend 
on the chirality, every CNT has a specific combination 
of allowed energy transfers as a fingerprint. The typical 
PLE map is presented in Figure  10. It allows to deter-
mine energy transfers and, hence, identify the geometry 
of nanotubes in the solution [206]. CNT bundles show 
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complex PLE spectrum involving EET between tubes. In 
[47] it is shown that radiationless relaxation enhances PLE 
of acceptor tubes. This can be beneficial as it surpasses 
the poor performance of individual CNTs.

Along with basic exciton energy transfer (EET) E11, 
E22, E33, …, the PLE map shows less intensive transfers. At 
excitation energies of higher than 200 meV and  < 130 meV, 
there are spectral components, corresponding to the EET 
of phonons [207].

4  CNT-based SA implementation

4.1  Nanocomposites

Since the first demonstration in 2003 of CNT application 
as a SA in mode-locked fibre lasers, numerous laser con-
figurations and methods for CNT incorporation have been 
demonstrated. The pioneering research was focused on 
the application of mirrors and fibre ferrules with a sprayed 
solution of CNTs [208] or by direct growth of the CNT in 
a substrate [209]. However, the most straightforward 
method is utilisation of CNT-polymer films sandwiched 
between fibre ferrule connectors or fibre ends [51, 69, 210].

This technique previously was regarded to have low 
thermal damage threshold, as the most intensive central 
part of the optical field effectively interacts with the SA. 
With the microscopy, the sample degradation spot can 
be easily observed (Figure  11) [129]. The diameter of the 

Figure 10: Example of photoluminescence map of the SWNT-
polymer solution. The map clearly shows the presence of SWNT 
with geometries: (6,5); (7,3); (7,5); (7,6); (8,3); (8,4); (8,7); (9,2); 
(9,4); (10,3).

Figure 11: Microscopic pictures of the PVA film after a 24-h high-
power operation.

degradation spot is comparable with the effective mode 
field diameter of the optical fibre. However, several recent 
works show the high potential of such SA for high-power 
operation [71, 129].

Polymer nanocomposites allow alignment of SWNTs 
by their stretching [182] or fabricating with the Langmuir-
Blodgett technique [212] due to the high anisotropic inter-
action of SWNTs with light. In aligned SWNTs, absorption 
reaches the maximum when launched light is polarised par-
allel to the alignment direction, increasing, therefore, the 
saturable absorption without raising non-saturable losses.

4.2  Microfluidic devices

Femtosecond laser micromachined in-fibre microfluidic 
devices are an ideal platform for accommodating a nanopar-
ticle dispersion solvent [180, 211, 213]. This in-fibre micro-
chamber device is fabricated by femtosecond laser tightly 
focused irradiation followed by selected chemical etching 
of laser-modified areas. A typical microscopic picture of this 
microchamber is shown in Figure 12 [211]. The fabricated in-
fibre microfluidic device was filled with CNT dissolved in 
n-methyl-2-pryrrolidone (NMP) solvent. The solvent with a 
high boiling point allows a stable dispersion of CNTs at small 
concentrations even with no surfactants and polymers. The 
ring EDFL mode locked with a microfluidic canal generates 
3.37 ps of soliton pulses at a fundamental repetition rate of 
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2.3 MHz with the average output power of 29 mW [211]. The 
mode-locked fibre laser with SWNT NMP dispersion showed 
a high stability while operating for more than 24 h in labora-
tory conditions. However, the evaporation of NMP and mois-
ture adsorption can affect the thermodynamic equilibrium 
in the solvent, resulting in CNT aggregation and significant 
scattering loss [211].

4.3  Optical deposition

The novel technique, based on the optical tweezer effect 
to deposit CNTs selectively onto only a core region of an 
optical fibre end, was demonstrated for the first time in 
2007 [214]. The main advantage of the optically driven 
deposition method is its reliability, repeatable accuracy, 
easy implementation and possibility of process automa-
tion. The optical trapping occurs due to the interaction 
of the intensity gradient of the laser beam and the dipole 
moment of the CNT composite (Figure 13). The laser energy 
heats the solution locally and, thus, creates the thermally 
driven convection flow [215]. Moreover, forces of electro-
magnetic field pressure act along the laser beam. The dif-
ference between temperatures of the heated liquid and 
the cold fibre surface causes the thermodiffusion, which 
results in CNT flow along the temperature gradient [215].

During the optical deposition, the laser radiation is 
divided into two parts, one of which is measured for the 
reference by a power meter. The other one is injected into 
a polymer solution with dispersed CNTs [214]. The power 
of the reflected light from the fibre end was measured by 
another power meter through a circulator. The optical 
reflectometry offers the capability to detect the start-
ing time of CNT deposition and, therefore, to control the 
number of the deposited CNTs. Besides, the reflectometry 

Figure 12: Microscopic pictures of the femtosecond laser fabricated 
microfluidic chamber devices. Adapted from [211].

Figure 13: Theoretical explanation of CNT optical deposition 
process on fibre edge.

assists preferential deposition as the solution condition 
and the sizes of the bundles change in time [214].

To enhance the thermal damage threshold, CNTs 
were suggested to deposit on the fibre connector end in a 
ring pattern for an evanescent-field interaction instead of 
direct interaction [216]. The ring pattern is believed to be 
a result of the balance between the scattering and gradi-
ent forces as well as circularly symmetric radiation field 
distribution.

4.4  Evanescent field interaction

Problems arising from ageing or radiation damage of poly-
meric matrices used in CNT-polymer nanocomposites are 
driving efforts to develop other methods of interaction 
between fibre laser radiation and CNT, for example, the 
interaction of the evanescent field of the light propagating 
in the fibre with CNT-SA.

One such method is the introduction into the laser 
resonator of a D-shaped fibre that has a side-polished 
surface, onto which CNTs are deposited. This approach 
requires a fine-polished surface for the CNT deposition. 
A CNT-deposited D-shaped fibre was used to mode lock 
an Er-doped fibre laser with output pulse duration of 470 
fs [209]. These CNT-deposited D-shaped fibres can be also 
applied to implement widely tuneable wavelength con-
verters, based on cross-phase modulation-induced non-
linear polarisation rotation in a CNT-deposited D-shaped 
fibre [217].
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Tapered fibres (or micro-fibres) may also produce an 
interaction of CNT with the evanescent field of the guided 
light in the fibre [50, 218, 219]. In this case, CNTs are depos-
ited around the tapered section of the fibre, or the tapered 
part of the fibre is placed into a CNT-polymer compos-
ite when the polymer is in a liquid phase. CNT-deposited 
tapered fibres also may be used for wavelength conversion 
of generated pulses [220]. Main drawback of tapered fibres is 
their relatively low mechanical strength. To squeeze the eva-
nescent field of the guided light to the surface of the fibre, its 
diameters should be of only several micrometres.

The same method of evanescent field interaction is uti-
lised in SA based on photonic crystal or hollow optical fibre 
filled with carbon nanotube dispersion [67]. An aqueous sus-
pension of individual SWNTs filled the fibre under a gas pres-
sure about 10 atm (Figure 14). After this, the fibre should be 
kept a few days at 30°C for water evaporation. In the result, in 
thin SWNT, films dry and deposit on fibre walls [221].

5  Fibre lasers with CNT-based SA

5.1  Ytterbium (Yb)-doped fibre lasers

Mode-locked operation of a Yb-doped fibre laser with CNT-
based SA was for the first time demonstrated in 2005 [222]. 
The Yb-doped fibre laser produced 180-fs-long solitons at 
a repetition rate of 23.3 MHz. This laser had a transmission-
type SA incorporating CNTs with saturable absorption 
depth of 4%. Later on, the possibility of mode locking in 

Figure 14: Technology of hollow core fibre filling with CNTs.

a Yb-doped fibre laser with CNT in an all-fibre configura-
tion, using a tapered fibre, embedded in a composite CNT-
polymer, was demonstrated [50]. The normal dispersion 
laser cavity provided generation of 1.5-ps chirped pulses, 
which could be compressed down to 250  fs outside the 
cavity [50]. In Kelleher et al. [223], the possibility of pulse 
duration adjustment was demonstrated within the range 
from 20 ps to 2 ns at repetition rates between 21 MHz and 
177 kHz. Mode-locked operation in Yb-doped fibre lasers 
was also demonstrated using DWNT-SA [72].

In many implementations, CNT-based mode locking is 
accompanied by the effect of NPE, whose presence may 
be either beneficial (an additional SA) or detrimental (NPE 
causes instability in mode-locked operation). In [224] 
Kobtsev et al. reported stable mode locking in a laser with 
a cavity mostly made of a PM fibre. The laser delivered 
stable mode-locked operations over several hours or days, 
and self-started reliably after the off-on cycling without 
additional tuning. Improvement of mode-locking stability 
by adopting PM configurations was confirmed in [225].

The possibility of wavelength tuning in Yb-doped 
fibre lasers mode locked by CNT was demonstrated in [51, 
226]. In [226] Li et al. reported spectral tuning of output 
pulses in the range of 1025–1037 nm, achieved through 
the adjustment of the pumping radiation power, whereas 
in [51] Fedotov et al. investigated the impact of the bire-
fringent fibre Lyot filter and achieved wavelength tuning 
within 1060–1066 nm of fibre filter. Figure 15A shows the 
schematic diagram of the Yb ring laser with a Lyot filter. 
The SA was represented by a polymer film with prepared 
CoMoCATs SWNT, dispersed in 25 ml of water with 20 mg 
of sodium dodecylbenzene sulfonate (SDBS) surfactant 
and mixed with a PVA polymer. Utilisation of a fibre Lyot 
filter enables the variation of the laser output spectrum 
width within the 0.15–1.25  nm range and detuning the 
central wavelength by up to 5 nm.

CNT-based SA may be used in Yb-doped fibre lasers 
both for mode locking and for Q-switching [227], and these 
two types of laser operation may be even supported by the 
same laser device at a different pumping power [51, 228].

As was shown in [229], CNT may be used in fibre lasers 
not only as mode lockers but also as polarisation control-
lers, owing to anisotropic properties of CNT.

5.2  Er-doped fibre lasers

The first report of CNT used for passive laser mode locking 
was presented in 2003 [208], and the first journal publica-
tions going into details of this work appeared a year later 
[208]. In [208, 229], both linear and ring Er-doped fibre 
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lasers were studied, in which mode locking was achieved 
by SWNT sandwiched between two optical plates. Up to 
the present time, CNT mode-locked Er-doped fibre lasers 
have been widely explored. The shortest pulse duration 
generated, to date, in CNT mode-locked Er-doped fibre 
lasers is 66-fs long [230], while the longest one is 332-ns 
long [231]. The broad bandwidth of CNT allows spectral 
tuning in the range from 1532 to 1562 nm [232] and multi-
wavelength generation [233].

CNT mode-locked Er-doped fibre lasers exhibit har-
monic mode locking by sustaining stable operation at the 
10th [210] or even 23rd [234] harmonic of the fundamental 
repetition frequency. The laser setup presented in [210] 
constitutes 80 cm of highly doped erbium fibre, the PVA/
SWNT-SA sandwiched between fibre ferrules (Figure 16). 
The laser supported a maximum of 10 harmonic orders 
at a pump power of 141 mW showing a repetition rate of 
245  MHz. The SMSR for all harmonic orders is between 

Figure 15: Yb-doped fibre laser setup. YDF, Ytterbium-doped fibre; IWDM, isolating wavelength division multiplexor; PC, polarization con-
troller; PM, polarisation-maintaining fibre. Inset: Central wavelength tuning. Adapted from [51].

Figure 16: Schematic configuration of the harmonic mode-locked Er-doped fibre laser. EDF, Erbium-doped fibre; WDM, wavelength division 
multiplexor; PC, polarisation controller; OIS, isolator. Inset: RF spectrum of 10th harmonics at 245 MHz. Adapted from [210].
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39  dB. The measured timing jitter at 221 MHz, the 10th 
harmonic order was approximately 4.8 ps.

The polarisation dynamics in a mode-locked fibre laser 
system has rarely been explored [128, 235, 236]. In [235] Mou 
et al. proposed and demonstrated a SWNT/PVA thin-film 
mode-locked EDFL generating polarisation-locked vector 
soliton pulses with 583 fs temporal width and an output 
power of 3 mW (pulse energy of 118 pJ). A commercially 
available polarimeter with 1-μs resolution and a measure-
ment interval of 1 ms was used to observe the exact state of 
polarisation (SOP) in the Poincare sphere. The first com-
prehensive experimental analysis of new families of vector 
solitons in a CNT mode-locked fibre laser with anomalous 
dispersion laser cavity was presented [236]. By tuning an 
in-cavity polarisation controller, a new type of vector soli-
tons with locked and precessing states of polarisation for 
fundamental soliton and multipulsing operations on a 
time scale of 40–40,000 roundtrips have been achieved. In 
[128], the authors presented the first experimental results 
on the state of polarisation evolution of tightly and inter-
leaved bound states generated in EDFL with fixed delay 
and phase differences of π/2 and π.

Er-doped fibre lasers with CNT can also be passively 
Q-switched, providing a comparatively high level of 
output pulse energy (up to 531 nJ) [237] at shorter pulse 
durations of 662 ns [238].

5.3  Bismuth (Bi)-doped fibre lasers

Various applications in broadband data transmis-
sion, medical applications and for high-brightness 

frequency-doubled visible sources have drawn the 
research interest to the extension of fibre laser emis-
sion band to 1100–1550 nm. In contrast with rare earth-
doped active fibres, which cannot provide generation at 
this band, Bi-doped fibres have shown the broad gain 
in the region, favourable for ultrashort pulse formation. 
Despite such high demand in laser sources, there are just 
several works on mode-locked Bi-doped fibre lasers, uti-
lising SESAM [239, 240] and CNT-based SA [61]. The first 
Bi-doped fibre laser to produce stable ultrashort pulses 
by using the SWNT-based SA was proposed and realised 
in 2010 [61]. Here, the generation was achieved in both 
all-normal dispersion (ANDi) and dispersion-managed 
(DM) net anomalous cavity at 1157 and 1177  nm band, 
correspondingly. The ANDi laser generated 558 ps pulses 
having the energy of 1.4 nJ, whereas the DM cavity oper-
ated in the average-soliton regime with a 4.7-ps duration 
and the energy of ~3 pJ.

Further works aimed to broaden the generation to 
the telecommunication L-band. For this, Bi-Er co-doped 
optical fibres were used as an active gain [60]. In this 
work Ahmad et al. suggested the application of the dual-
pumping configuration at 980 and 1480  nm to achieve 
amplified spontaneous emission spectrum with a band-
width of more than 100 nm, from 1520 to 1625 nm. As a 
result, the ring fibre laser mode locked with commer-
cially available CNTs generates 460-fs pulses with 5 mW 
of average power.

The most recent work of Nepponen et  al. is focused 
on the development of a 1.44-μm all-bismuth fibre master 
oscillator-power amplifier (MOPA) system (Figure 17) [62]. 
The authors used butt-coupled SWNT-based SA deposited 

Figure 17: Setup for Bi-doped fibre MOPA. BiDF, Bismuth-doped fibre; WDM, wavelength division multiplexor; PC, polarisation controller; 
ISO, isolator. Inset: Autocorrelation traces before and after the compression in bismuth fibre amplifire. Adapted from [62].
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Figure 18: Configuration of the SWNT mode-locked Tm-doped fibre laser in (A) geometry, based on NALM; (B) ring configuration with NPE. 
TDF, Thulium-doped fibre; WDM, wavelength division multiplexor; PC, polarisation controller; GeO2/SiO2, germanium-silicate fibre; (PD)-ISO, 
(polarization-dependent) isolator. Inset: Output pulse characteristics. Adapted from [242].

onto a silver mirror to support the mode-locked operation. 
After amplification and compression, the laser generates 
240-fs pulses with 3.1-kW peak power.

5.4  Thulium (Tm)-doped fibre lasers

The increasing demand for low-cost highly stable ultrafast 
laser generation at the mid-IR spectral region, and at par-
ticular, ~2 μm, has stimulated a significant research effort 
into the development of the Tm-doped fibre lasers. The 
pioneer works on Tm-doped fibre lasers mode locked with 
SWNTs used ferrule-type SA [69], or fibre tapers embed-
ded in an SWNT/polymer composite [63]. Here, we would 
like to pay more attention to the other approach, allowing 
high-quality ultrashort pulse formation. This technique 
utilises two SAs in the cavity [241]: slow, SWNT, and fast, 
NPE or NALM, with relaxation times of 300–600 fs and 
5 fs, correspondingly.

In [70] first introduced this technique to Tm-doped 
fibre lasers (Figure 18A). The NALM is formed by a 20:80 
fibre coupler and dispersion managed by normal disper-
sion germanium-silica fibre (GeO2/SiO2) [239]. A polymer 
film based on carboxymethylcellulose (CMC) with dis-
persed arc discharge SWNTs [243] is fixed between two 
angle-polished optical ferrules. The shortest pulse dura-
tion of 450 fs at 1870 nm central wavelength band (insert 
in Figure 18A) has been achieved when the total was zero 
NALM dispersion. The maximum average output power 
could be scaled from 6.3 to 18 mW, corresponding to the 
laser peak power of 625 W and pulse energy of 0.4 nJ.

The development of high-power lasers, without 
application of the complicated MOPA schemes, is very 
attractive, though technically challenging. Chernysheva 
et al. [71] present the high-power thulium-doped fibre 
ring laser with the variable pulse repetition rate between 
6.4 and 72.5  MHz and tuneable from 1.86 to 1.98 μm 
(Figure 18B). The laser was mode locked by laser ablation 
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PVA/SWNT-SA [244]. At the repetition rate of 72.5 MHz, 
the laser slope efficiency reached 32.6%. The laser gener-
ated 1.2 ps and 600 fs solitons with the average output 
power of 300 mW, giving the pulse energy of 2.93 nJ. Inset 
in Figure 18B demonstrates the excellent long-term sta-
bility of the laser operation at 300 mW output power for 
10 h under the laboratory conditions. The mode locking 
could be self-started reliably after the off-on cycling. This 
also proves the high thermal stability of the PVA/SWNT 
sample, which could endure an optical fluence of 3.46 
mJ/cm2 without demonstration of the significant degra-
dation of laser operation. The laser setup with the cavity 
length of 21 m after compression generates 500-fs pulses 
with the average output power of 117 mW, corresponding 
to the pulse energy of 10.87 nJ and peak power of 21.7 kW 
[71].

The same laser setup has been studied through the 
intracavity dispersion variation in the range between 
+0.194 and -0.068 ps2 [245]. The interesting feature was 
observed at high normal intracavity dispersion, +0.19 ps2. 
The spectrum possessed strong side-bands, which can be 
referred to four-wave mixing.

5.5  Holmium (Ho)-doped fibre lasers

Although there are numerous applications of lasers gen-
erating ultrashort pulses beyond the 2-μm band, the main 
research interest has been attracted by thulium-doped 
fibre lasers, rather than Ho- or Tm:Ho-doped ones. Only 
a few works were focused on Ho-doped ultrafast lasers, 
utilising gain switching [219], fibre-based SA [246] and 

quantum dot-doped glass absorbers [247]. In 2009, the 
new approach of Tm:Ho-doped fibre application has been 
demonstrated [63]. The authors used a SA based on a fibre 
taper embedded in an SWNT/polymer composite. The 
laser generates transform-limited 750-fs soliton pulses 
with 0.5-nJ energy at the wavelength of ~1.9 μm [63].

A more recent paper studying Tm:Ho co-doped fibre 
laser utilises the other technique of SWNT-based SA imple-
mentation, i.e. mirror coating [64]. The polymer-free CNT 
layer on a highly reflective Ag mirror enabled the build-
ing of a robust and compact linear cavity laser. The setup 
features significantly improved output characteristics of 
output power, stability and absorber damage threshold. 
The all-fibre laser delivered ~1.0-ps pulses with 15-mW 
average output power at the central wavelength of 1991 
nm. Moreover, the authors demonstrated the ultra-broad-
band performance of the SWNT-based SA by achievement 
of ultrashort pulse generation in similar Yb- and Er-doped 
fibre lasers.

An analogous approach has been demonstrated 
in [65], though the cavity comprised of pure Ho-doped 
fibre. The shortest achieved pulse duration was 890 fs at 
2085 nm, with an average output power of 45 mW. The wide 
gain spectrum of Ho-doped fibres and broadband absorp-
tion of CNT allow to achieve tuneable pulsed operation. 
By adjustment of the polarisation controller and scan-
ning the modal spot over the CNT reflector, optical pulse 
spectra could be tuned in the range of 2030–2100  nm 
(Figure 19). The other method to realise the wide spectral 
tenability involved the intentional variation of CNT film 
thickness across the sample, resulting in a spectral shift 
of CNT absorption [65].

Figure 19: Schematic configuration of the Ho-doped fibre laser. HDF, Holmium-doped fibre; PC, polarisation controller. Inset: Tunability of 
the mode-locked Ho-doped fibre laser. Adapted from [65].
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6  Conclusion
We have reviewed the current state-of-the-art in CNT fabri-
cation, technologies and ultrafast photonic applications. 
The important SWNT-polymer composite application is as 
SAs in fibre lasers for ultrashort pulse generation through 
the passive mode locking. SWNT-polymer composites offer 
a broad operation and tunability range, as well as advan-
tages in fabrication and integration into the laser cavity.

Enrichment of SWNT-SAs by the selection accord-
ing to their diameter and conductivity type holds great 
promise for further device optimisation as their present 
performance is limited by the redundant, off-resonance 
and m-tubes, tailored bundles of m-SWNTs and s-SWNTs 
as well as by host polymers.

CNT photonics is still at the initial stage of its develop-
ment. A variety of other promising SWNT-based photonic 
devices can be implemented, for example, birefringence 
filters, polarisation rotating devices, dispersion compen-
sators, pulse compressors, regenerators and many others. 
Moreover, other types of the lasers, but fibre, mode locked 
by CNT-SA, can potentially enable further technological 
enhancements. For example, integration of CNT directly 
into the dot laser cavity helps towards high repetition rates 
in quantum-dot lasers. SWNT can serve as an SA in verti-
cal-cavity surface emitting lasers (VECSEL), microdisc and 
slab lasers. CNT-based photonics offers new opportunities 
for engineering innovations and developing new photonic 
techniques for various emerging applications, leading to 
new breakthroughs in science and technology.
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