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Carbon nanotubes (CNTs) have been standing among the most important materials 
in both scientific research and technical applications since 1990s. CNTs are 
composed of hexagonal sp2 carbon networks rolled up into cylinders. This unique 
structure endows them outstanding physical, mechanical, and chemical properties. 
For instance, CNTs are on the top list of superior materials in mechanical strength, 
electrical and thermal conductivity, as well as stability. In addition, the structure- 
dependent electronic and optical properties of single-walled CNTs (SWCNTs) bring 
great potentials in electronic and optoelectronic applications.  

After 27 years (since 1991) of both research and application, now is the right
time to summarize the existing knowledge, discuss the present challenges, and look
forward to the future of CNTs. Therefore, we edit this collection on these purposes.

devices, application and industrialization. All the  contributions are authored by active
researchers in the field. Since preparation is always the basis of materials research and
application, we therefore begin the collection with the preparation. It starts from the
theoretical study on the growth mechanism, then introduces catalysts for controlled 
growth, further extends to the growth of horizontally aligned SWCNT arrays and 
SWCNT films, and finishes with the sorting of SWCNTs. Subsequently, the optical 
and electronic properties are discussed. The application and industrialization part 
involves the applications in panel display, flexible electronics, and solar cells as 
well as the macro production and commercialization of CNTs. 

CNTs have shown to be materials with great scientific importance and remarkable
potentials in advanced applications. We believe this collection can bring you
comprehensive information on the progress and deep insight into the emerging 
future in this field.  

The collection contains 11 contributions, covering topics on preparation, property and



 

        

Yan Li (left) and Shigeo Maruyama (right) 
Peking University and The University of Tokyo 

 

Prefaceviii

Finally, we would like to thank all authors of every contribution. Without their
enormous efforts, we would not have this collection. 
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Modeling the Growth of Single-Wall Carbon Nanotubes
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Abstract More than 20 years after their discovery, our understanding of the growth

mechanisms of single-wall carbon nanotubes is still incomplete, in spite of a large

number of investigations motivated by potential rewards in many possible appli-

cations. Among the many techniques used to solve this challenging puzzle, com-

puter simulations can directly address an atomic scale that is hardly accessible by

other experiments, and thereby support or invalidate different ideas, assumptions, or

models. In this paper, we review some aspects of the computer simulation and

theoretical approaches dedicated to the study of single-wall carbon nanotube

growth, and suggest some ways towards a better control of the synthesis processes

by chemical vapor deposition.

Keywords SWNT � Growth mechanisms � Modeling � CVD

1 Introduction

Almost 25 years after their first identification, carbon nanotubes [1] (CNTs), among

which the single-wall ones (SWNTs) [2] are most promising for applications related

to their electronic properties, still face very difficult challenges regarding their

controlled and selective synthesis. Selectivity may concern the tube’s electronic
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properties (semiconducting or metallic), or, even more challenging, its structure,

characterized by its chiral indexes (n, m). Quite amazingly after hundreds of papers

devoted to the subject, a very recent review [3] still stresses the lack of complete

understanding of the SWNT growth mechanisms and ways towards controlled

selectivity. Because its ability to be upscaled to industry requirements, catalytic

chemical vapor deposition (CCVD, or CVD here, in short) is the method of choice

that is most widely used and investigated. Very briefly, it consists of the

decomposition of carbon-bearing molecules on a nanosized catalyst particle,

typically a metallic one, which eventually gives rise to a tube that keeps growing

until some event causes the growth to stop. All this takes place at high temperature

(600–1100 �C), in a complex ambient, with catalyst nanoparticles either bound to a

substrate, or floating at the tip of the growing tube. This complex synthesis has been

studied by a very large number of techniques. Among these, theoretical modeling

and computer simulation stand in a particular position, since they directly address

the atomic scale that is relevant to the problem, with a number of approximations,

though. An extended review by leading experts has been published recently [4] and

we refer the interested reader to it. Our goal here is to give a more personal

viewpoint, focusing on some recent results, some of which still in the process of

being published, that have been obtained in close collaboration with experimental

groups. In fact, we do believe that this is the most fruitful, though not the fastest,

way to progress in this difficult field.

While some models [5] discuss kinetic aspects of SWNT growth, neglecting the

role of the catalyst nanoparticle, we focus here on catalyst nanoparticles, their

interaction with carbon under CVD growth conditions, and their interface with the

tube, that are critical to understand nucleation and growthmechanisms. In doing so,we

pay attention to thermodynamic aspects of the growth, and, to start with, we can

remember that carbon science has a long history. Growing a tube indeed displays some

similarities with the growth of carbon fibers, except that the very small nanoparticle

and tube diameters induce some peculiarities that are discussed later. As explained in

[6], the growth of filamentous carbon on a Ni catalyst results from a gradient of carbon

chemical potential between the carbon atoms delivered at the surface of the catalyst by

the precursor decomposition, and the carbon sp2walls that act as a sink for carbon since

they are at a lowerGibbs energy. In this process, the chemical potential of carbon at the

nanoparticle surface is fixed by the thermochemical conditions of the precursor

decomposition reaction. It can hence be tuned by playing with CVD parameters:

temperature, pressure, and composition of the gas feed.

The approach we develop explicitly takes this carbon chemical potential into

account, while it is somewhat by-passed in other contributions that are also

presented in this paper. Starting from some general considerations on the carbon–

metal catalyst interaction, we discuss the atomistic models and computer simulation

techniques. Their possibilities and limitations are discussed and we then briefly

summarize some peculiarities of the interface between nickel, cobalt, and iron

catalysts, and the sp2 carbon layer forming graphene or nanotube wall. A critical

analysis of the different ways to address the nucleation and growth of SWNTs is

then proposed, followed by a discussion of our viewpoint on the ways to control the

SWNTs’ diameter by tuning their ‘‘growth mode’’. Carbon dissolution in subsurface

Top Curr Chem (Z) (2017) 375:55
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or bulk of the nanoparticles and the physical, solid, or molten, state of the

nanoparticles are shown to be important since they contribute to modify their

surface and interface properties.

2 Metal–Carbon Interactions

Until now, most CCVD experiments offering a reasonable yield and a possible

upscaling to industrial dimensions use nanoparticles of late transition metals, or

alloys, as catalysts. Fe, Co, and Ni, the lightest elements of these columns 8, 9, 10 of

the periodic table have been extensively used. These elements are sometimes used

alloyed [7, 8], or in conjunction with other metals such as Mo [9], Cu [10], or, more

recently W [11]. The reason why Fe, Co, and Ni have been so popular catalysts is

that they display a large enough affinity for carbon, to adsorb carbon precursor

molecules and possibly dissolve some carbon, while keeping it in the surface layers.

This is sometimes illustrated in the form of a ‘‘volcano’’ plot [12, 13]. Looking at

the electronic densities of states of carbides of transition metals of the first row in a

(sometimes fictitious) NaCl structures, displayed in Fig. 1, one immediately realizes

that a rigid-band model is valid to describe the density of states of carbides. Indeed,

at low energy, a narrow band derived from the 2s states of carbon can be identified.

At higher energy, a fairly broad band of strongly hybridized states between the p

states of carbon and the metallic d states appears, with a pseudogap, exactly

separating bonding states from antibonding states in the case of Ti, that is known to

Fig. 1 Density of states of
carbides with transition element
of the 3d series, in a rocksalt
structure, calculated with DFT-
GGA. The Fermi level is set to
zero. Ref. [14]

Top Curr Chem (Z) (2017) 375:55
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form a very stable carbide. For Fe, Co, and Ni, this hybridization effect is weaker,

and the Fermi level shifted to higher energies, explaining why carbides of these

elements are less stable. The outstanding ability of transition metals to combine

strongly with carbon stems from the major role played by covalent bonds formed

between the p states of carbon atoms and the valence d states of the metal ones,

leading to an hybridized pd band [14, 15].

For Fe, Co, and Ni, this carbon–metal interaction also directly translates into

specific features of their phase diagrams that display limited carbon solubility.

Solubility limits of carbon in bulk Ni and Co are quite similar, around 4% atomic

carbon fraction at their respective eutectic temperatures, with no stable bulk

carbide structure reported. Carbon solubility is larger in Fe with (meta-

)stable carbide phases observed. Deck and Vecchio [16], who led a systematic

study of metals with various carbon solubilities, point out that efficient catalysts

have a limited, though non-zero carbon solubility, while metals with vanishing

C-solubility or forming stable carbide compounds do not promote SWNT growth.

If one considers the possibility to open the parameter space by including alloyed

nanoparticles, this conclusion leaves space for discovering other, more efficient

and selective catalysts.

Considering bulk thermodynamic properties and phase diagrams is a first step,

but does not tell much about the details of carbon–metal interactions. CCVD

synthesis of SWNTs is a surface process involving catalyst particles in the 1–5 nm

diameter range, where strong nanometric size effects should be expected.

Although in situ XPS experiments have been performed during SWNT growth

[17–19] or Pd-based catalysis [20], emphasizing the role of subsurface carbon, a

real insight in carbon metal interaction is typically provided by ab initio

calculations. Such calculations, generally performed within the framework of the

density functional theory (DFT), provide accurate estimates of the interaction

energy between carbon in various forms, and different metals, considering

different configurations: adsorbed on surfaces, at step edges, or in interstitial sites

[21, 22]. As shown in Fig. 2, Ni and Pd display [21] rather similar energetics with

respect to carbon, with subsurface sites more prone to accept carbon

incorporation.

DFT calculations appear as the reference tool to study the relative stability of

nanotubes in contact with the nanoparticle from which they grow [23, 24], thus

emphasizing the need for adequate tube/catalyst interaction strength, or searching

for efficient catalysts, beyond the well-established Fe, Co, and Ni. Such

calculations have been used to study the interaction energy of carbon flakes

[25, 26] and nanotube caps with catalyst nanoparticles or flat surfaces, searching

for preferential lattice matching of the cap [27], and hence tube chiralities. Quite

recently, calculations searching for an optimal matching of some tube’s chirality

with an appropriate lattice plane of crystalline W6Co7 [11] or WC [28] have been

proposed to support the interpretation of chiral selective CVD experiments,

assuming a vapor–solid–solid model [29] of SWNT growth. Whether such perfect

crystalline facets actually exist during CVD synthesis of SWNTs is still to be

proven, illustrating a classical dilemma of computer simulations in materials

science: use highly accurate methods on ideal, though possibly non-relevant

Top Curr Chem (Z) (2017) 375:55
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structures, or approximate ones, able to directly deal with the complexity of the

problem (here: high temperature, presence of active carbon, and ambient,…) at the

expense of accuracy. Beyond these calculations, interesting new approaches tackle

the decomposition of molecular carbon precursors, such as methane [30] or

ethanol [31] on the catalyst surface. These results show that CCVD process is

indeed more complex than the interaction of atomic carbon with a bare catalyst

surface, as often described in computer simulations of SWNT growth. Before

returning to our main topic, let us mention that non-metallic catalysts [32–34]

have been successfully used to grow nanotubes, though not always with a high

enough yield.

Fig. 2 a Schematic representation of carbon positions at metal surfaces. b Binding energies of
monoatomic and diatomic carbon on different late-transition (Ni, Pd, Pt) and coinage (Cu, Ag, Au)
metals. Ref. [21]

Top Curr Chem (Z) (2017) 375:55
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3 Interatomic Interaction Models and Computer Simulation
Techniques

Cohesion energies of graphene and diamond, respectively, displaying sp2 and sp3

hybridized carbon–carbon bonds, are large, on the order of 7.2 eV/atom. Typical first

row transitionmetals display cohesive energies in the 4–5 eV/atom range. This means

that the energies involved breaking molecules, form intermediate carbon–metal, and

reform carbon–carbon bonds are large. On the other hand, tiny energy differences exist

between the possible carbon adsorption sites, and also between the possible

tube/catalyst bonding interactions. Assuming puremetal nanoparticles, the interaction

between tubes with different chiralities andmetals of different kinds [23, 24], has been

evaluated using DFT calculations. Figure 3 indicates that efficient catalysts display

intermediate interactions with tubes, somewhat corresponding to a ‘‘Goldilocks’’

principle. Accurately describing these various energy ranges within the same

framework is a first requirement that has to be met by interatomic energy model to be

used in Monte Carlo or molecular dynamics simulations of carbon nanotubes growth.

A second, not less demanding aspect, concerns the time scales and complexity of the

CVD process. This implies that a trade-off has to be found between contradictory

requirements. The only source of relief is the nanometric size of the systems under

consideration: nanoparticles relevant to CVD growth of single-wall carbon nanotubes

are typically in the 1–5 nm diameter range,—a hundred to a few thousands atoms, and

the issues associated to SWNT structure do not require more than a few hundred

carbon atoms to be included in the computed system. These are easily handled in

relatively simple order N models. However, direct DFT calculations of systems

consisting of a tube in contact with a catalyst have to be limited to smaller samples and

time scales of 10–100 ps, using standard plane wave DFT codes.

Empirical force fields have been specifically developed for Fe–C [35] and Ni–C

[36], while so-called ‘‘reactive force field’’ (ReaxFF) modeling has been used by

Neyts et al. [37] who incorporated this in a sophisticated hybrid molecular

Fig. 3 DFT calculations of the adhesion energies per bond of a (10, 0) nanotube on a nanoparticle of
various metals in icosahedral structure, with 55 atoms. Ref. [24]

Top Curr Chem (Z) (2017) 375:55
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dynamics-force biased Monte Carlo computer simulation algorithm, leading to less

defective carbon structures. Choosing an alternative at the opposite end of the

complexity scale for the description of the interatomic interactions, but still

manageable for decent molecular dynamics simulations, Irle et al. [38] used density

functional tight binding (DFTB) to simulate the early stages of the nucleation of

tubes on various catalysts, such as Fe or Ni [39, 40], or more exotic catalysts, such

as alumina [41]. Although lighter than plain DFT calculations, such models still

suffer from a non-linear scaling with system sizes, and hence are limited in size- and

time-scales. Retaining the physically grounded assumptions of the tight binding

approximation, but in a lighter, order N way, the present authors developed a tight

binding model for Ni–C alloys, approximated at the fourth moment of the local

electronic density of states, and incorporated in a Monte Carlo code working in

either canonical or grand canonical ensemble [14].

Beyond these carbon–metal interaction models, additional degrees of complexity

should be considered. Among the important factors that are generally overlooked in

computer simulations, the ambient and the presence of molecular fragments, in

particular hydrogen, oxygen, hydroxyls etc., adsorbed on the nanoparticle surface

certainly represent major issues. Except for the recent work of Shibuta et al. [30], and

Khalikov et al. [42], the decomposition of the carbon precursor at the catalyst surface is

generally not taken into account. Also, in real supported CVD processes, the substrate,

quite often an oxide (SiO2, Al2O3…) plays an important role to stabilize the catalyst

nanoparticle along the growth. A strong interaction between the nanoparticle and its

support will change its shape and thermodynamic properties. This has been studied

[43, 44], in relation with in situ TEM observation of SWNT growth [45].

Once an interatomic energy model has been selected, one has to choose a

computer simulation technique to simulate some aspects of the CVD synthesis,

since, quite obviously, a full atomistic description of the process is not possible, and

approximations have to be made. The most straightforward idea is to use molecular

dynamics simulations to ‘‘throw’’ carbon atoms onto the cluster surface, and to

regularly feed new carbon atoms in the gas phase to keep its density almost

constant. This approach suffers from many drawbacks. The first is the short

computed time scale, leading to observed growth rates that are often orders of

magnitude faster than the experimental one. The most recent and longest

simulations [46], though, growing nanometer long tubes over a few 100-ns MD

trajectories, are closer to, but still higher than experimental growth rates. The

second is that the key quantity to address the reactivity of carbon at the surface of a

catalyst is its chemical potential, which is fixed by the thermochemistry of the

precursor decomposition reaction, and not simply by a gas phase pressure. An

interesting discussion of this thermodynamic aspect in the case of the growth of

filamentous carbon is given by Snoeck et al. [6]. The statistical mechanical

framework to deal with this carbon chemical potential is the grand canonical

ensemble that can be conveniently sampled by Monte Carlo simulations. However,

these computer simulation techniques are designed to deal with thermodynamic

equilibrium situations, and not with growth. In the present instance, its use can be

justified assuming a local thermodynamic equilibrium at the tube nanoparticle

interface, because growth is slow as compared to the high atomic mobility at typical

Top Curr Chem (Z) (2017) 375:55
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CVD temperatures [47]. Clearly, choices have to be made, which will emphasize

different aspects of the growth process.

These challenging requirements explain why only a few groups actively worked

on the understanding of the SWNT growth mechanisms, using various computer

simulation approaches, and focusing on different aspects of the problem.

4 Properties of the sp2 Carbon Wall–Metal Catalyst Interface

At the heart of the SWNT synthesis mechanism lies the close contact between the

growing tube and the metal nanoparticle that enables the molecular feedstock to

decompose, yielding atomic carbon that is then incorporated in the tube wall. Apart

from the nanometric scale of the process in the case of SWNTs, similar behaviors

have been observed and discussed in the context of carbon nanowires and graphene

growth, and valuable insight has been gained in these somewhat easier cases.

The burst of experimental and theoretical work devoted to the mechanisms of

graphene growth on different substrates, reviewed by Batzill [48], brings useful and

sometimes surprising information. Different experimental and theoretical studies

[21, 49] have shown that, in the case of graphene growth on face-centered cubic

(111) nickel surfaces, the most favorable place to incorporate individual carbon

atoms or dimers is in octahedral subsurface interstitial sites. On a free Ni surface,

upon increasing carbon feed and at high temperature, carbon atoms would diffuse

towards the bulk, and a carbon concentration gradient, with a carbon enrichment

close to the surface would be observed. Quite surprisingly though, once a graphene

layer is formed on the surface of Ni, a depletion of carbon close to the interface is

observed. This has been evidenced experimentally [50], using in situ, depth-

resolved X-ray photoemission spectroscopy (XPS) during graphene growth, a

technique that is quite efficient to address this surface science problem. As

illustrated in Fig. 4, this has also been independently observed [51], using both tight

binding and DFT calculations, and similar experimental in situ XPS technique.

Fig. 4 Different steps illustrating the presence of a carbon-depleted zone during the growth of graphene
on Ni(111) slab. 1 Some C atoms are incorporated in subsurface positions. 2, 3 When increasing C
concentration, epitaxial graphene is formed on Ni(111) leading to the subsurface carbon depletion
preventing additional layer formation. 4 Additional layers are formed at large concentration of carbon.
Ref. [51]
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This latter reference also shows that the adhesion energy of a graphene layer on a

Ni surface becomes weaker when carbon atoms are present in Ni subsurface.

Empirically tuning the work of adhesion between the tube and the metal

nanoparticle, Ribas et al. [52] have shown the importance of this parameter to

enable the nucleation and growth of a tube, and avoid catalyst encapsulation. In this

respect, the role of dissolved carbon in the nanoparticle is fundamental, since it will

affect the interfacial and wetting properties of Ni (and also Co and Fe), as shown in

the early 1970s for bulk metal drops on graphite [53]: for these elements, the contact

angle of a bulk metal drop on a graphite surface increases from 50� to 120�, when
the fraction of carbon dissolved in the metal increases from 0 to about 2.7 wt%.

Remembering Young–Dupré’s equation:

1þ cos h ¼
WadhðxCÞ
cMðxCÞ

;

where h is the contact angle, Wadh is the work of adhesion, and cMðxCÞ is the surface

energy of the metal nanoparticle, at a carbon concentration xC, one can see that a

vanishing work of adhesion and a lower but finite surface energy, both resulting

from the increase of xC, lead to an increase of the contact angle h. According to our

calculations [54], displayed in Fig. 5, this effect is particularly marked for small

nanoparticles that can incorporate larger carbon fractions (up to about

xC = 0.20–0.25) than macroscopic ones. Both carbon depletion close to Ni surface,

and change of wetting and interfacial properties induced by carbon dissolution in the

nanoparticles, will have a significantly stronger effect in the case of SWNT growth

than for larger, macroscopic systems. These calculations, performed for Ni, are

probably qualitatively valid for Co and Fe. Indeed, DFT-based calculation of sur-

face energies of Fe [55] show a dependence on the surface coverage by carbon

atoms, which remains limited because only crystalline structures are considered.

Fig. 5 Wetting properties of Ni on sp2 carbon. a Contact angles of a Ni nanoparticle on graphene after
performing Monte Carlo simulations at 1000 K (red triangles) and 1400 K (green squares) for different
carbon concentration. Ref [54]. b Experimental contact angle of an Ni droplet containing carbon
deposited on graphite at 1550 �C. Ref. [53]
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5 Nucleation of Carbon Caps

From a fundamental point of view, nucleation is a stochastic and rare event, the

frequency of which is related to the magnitude of its driving force. In the present

instance, this driving force is the excess of carbon chemical potential, relative to that

of C atoms dissolved in the NP, at the saturation limit. Quite generally, most direct

computer simulations of nucleation rely on exceedingly large driving forces to

observe nucleation [56] in the short time of the simulation. Sophisticated biased

methods [57] have been proposed to address this problem. In spite of this, most

computer simulation studies devoted to SWNT synthesis are in fact dealing with

nucleation mechanisms, because they involve smaller numbers of atoms, while the

total number of atoms in the computer simulation box remains an issue for

reasonably accurate carbon–metal interaction models. There is also a widespread

belief that the SWNT structure can be controlled at the nucleation step. This might

seem reasonable since C–C bonds are quite strong, and difficult to break and reform

in order to heal or form a defect (non-hexagonal ring) that could modify the tube

chirality. However, a number of in situ TEM investigations [17, 58] of SWNT

growth tend to indicate that very short nanotube nuclei, say below 3 nm, as typically

considered in computer simulations, are not stable. Along the same line, post-

mortem statistical investigations of SWNT length distribution suggested [59] that a

critical length threshold (around 5 nm) exists, beyond which stable and sustainable

growth would take place. In addition, this study exhibits some nanoparticles giving

birth to two tube nuclei. Since no such configuration is observed for longer,

stable tubes, one has to conclude that one of the nuclei disappeared or both merged,

a possibility that has been nicely illustrated numerically (see Fig. 6) in the computer

simulations of Neyts et al. [60], and post-mortem TEM observations.

In spite of this possible limitation, studying the SWNT nucleation mechanisms is

still quite relevant since it can provide guidance in the quest for better, more

selective catalysts. As early as 2004, using an empirical atomic interaction model,

Ding et al. [35] demonstrated that small Fe catalyst nanoparticles should be carbon-

saturated in order to nucleate a (very defective) tube cap. This is illustrated in Fig. 7.

Almost simultaneously, an impressive attempt to directly simulate the nucleation of

Fig. 6 Formation of two small caps during the first steps of the nucleation process from: a atomic scale
modelization. Ref. [60]; b post-mortem TEM observations. Ref. [59]
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a tube cap on a small Fe nanoparticle using DFT-based molecular dynamics has

been proposed by Raty et al. [61]. However, it was soon realized that such a

calculation was too far from real experimental conditions, because of a too high C

incorporation rate and a too short total simulated time. An intermediate route was

then proposed by the Irle/Morokuma group [62], using their DFTB Molecular

Dynamics modeling, which is a somewhat more efficient trade-off between

chemical accuracy and computing efficiency. Page et al. [63] compared SWNT

nucleation on Ni and Fe small nanoparticles of less than 100 atoms, pointing out

differences between these two metal catalysts that could be attributed to differences

in the strength of metal–carbon interactions. In the case of Ni, a study [64] taking

into account carbon chemical potential as the control variable to calculate carbon

sorption isotherms using grand canonical Monte Carlo simulations, enabled to

investigate the energetics and the role of carbon atoms, either dissolved inside the

nanoparticle, in sub-surface, or segregated outside. Cap nucleation was shown to

take place in a well-defined chemical potential range, when a critical concentration

of surface carbon atom is reached. In both studies, this cap formation follows the

same process, described in Fig. 8: saturation of sub-surface with carbon atom,

formation of polyyne chains weakly bound to the surface that ultimately connect

each other to form Y-shaped junctions and then 5- and 6-membered rings.

The caps structures observed in these simulations are far from being perfect, with

an excess of 5- and 7-membered rings as compared to ideal ones formed with six

pentagons, the rest being hexagons. Whether this is due to the too short time scales

spanned by the computer simulation or a genuine effect, characteristic of the early

stages of tube nucleation is indeed an interesting question that would influence the

way one can envision strategies towards a controlled and selective SWNT synthesis.

If the cap formation takes place at random, selectivity should be searched

Fig. 7 Top evolution of the carbon concentration inside the nanoparticle during the formation of the
tube. Bottom simulation growth evolution of a carbon nanotube from a cluster containing 50 Fe atoms at
900 K. Carbon atoms inside the tubular structure are represented in red. Ref. [35]
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elsewhere, either during growth itself, or by removing (etching) undesirable tubes

during the synthesis or after it. If the cap structure is fixed at the very early stages of

the nucleation, a smart engineering of the catalyst and growth conditions could lead

to selectivity. This issue is quite complex, not yet solved up to now, and different

groups have followed different approaches [3].

Focusing here on theoretical contributions, we first note that, according to Penev

et al. [65], no significant energy differences were observed among the large number

(4548!) of cap structures studied, thus precluding a selectivity based on the

energetics of the cap alone. One might then consider possible energy differences

between cap structures, originating from the interaction of the cap with the catalyst,

in the spirit of the early work of Reich et al. [27], followed by Gomez-Gualdron and

Balbuena [66], and Wang et al. [67]. These calculations shed useful light on the

electronic structure of the metal/carbon cap junction, which plays a major role for

incorporating carbon atoms at the rim of the tube, but do not provide strong

evidence for preferential chiralities. In addition, they are performed on idealized

pure metal structures, —flat Ni layer, Co or Ni clusters, while there is little doubt

Fig. 8 Upper panel grand Canonical Monte Carlo simulations on a Ni cluster at 1000 K and
lC = -5.25 eV/at. Different stages of the nucleation of a C cap are presented, where linear chains act as
precursors to grow a graphene network on the Ni surface. Ni atoms are orange, outer C atoms are black,
surface or bulk C atoms are green. Ref. [64]. Lower panel nucleation of a tube cap on an Fe38 nanoparticle
simulated by DFTB-based molecular dynamics. Polyyne chains are formed first, then cross forming
Y-junctions and ring are formed, starting with pentagons. Obvious similarities exist between MC and MD
approaches. Ref. [38]
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that carbon is dissolved close to the surface for such metals under growth conditions

[68]. Quantum chemistry or DFT-based calculations investigated in detail the

electronic structure of the cap/catalyst interface [67].

Summarizing theoretical studies of tube nucleation and cap formation mecha-

nisms, it seems that they provide no strong support of the idea that the tube structure

can be controlled at the nucleation step. What has been proposed, however, is that a

matching could exist between a given tube structure and the solid-state particle from

which it grew [11]. In this paper, DFT-based calculations were performed at 0 K, to

study the matching of tubes with different chiralities on a (0, 0, 12) plane of a

W6Co7 nanoparticle, in order to explain CVD experiments performed at 1030 �C,
implicitly assuming a crystal structure and neglecting the temperature-induced

disorder.

This raises the question of the catalyst nanoparticle’s state under reaction

conditions at high temperature, in the presence of a complex gaseous ambient, and

usually interacting with a substrate. This very complex problem cannot be treated in

full, and a number of approximations have to be made. Apart from the work of Jiang

et al. [69], who calculated Fe–C phase diagrams of nanoparticles in the 1.1–1.6 nm

range, with and without alumina substrate, the latter is generally neglected. Ding

et al. [70] and Engelmann et al. [71] studied the melting behavior of Fe–C and Ni–C

clusters, respectively. A full phase diagram calculation for Ni–C clusters, including

F.C.C. and icosahedral Ni structures between 55 and 807 Ni atoms, has recently

been proposed by Magnin et al. [72]. This phase diagram is simply a translation in

the concentration-temperature space of the carbon sorption isotherms, calculated in

a chemical potential–temperature space [73], but it enables one to understand

directly the differences brought about by the nanometric size of the nanoparticles, as

compared to a bulk system. Both are displayed in Figs. 9 and 10. The most striking

ones, as far as nucleation and growth of SWNTs are concerned, are the important

downshift of the eutectic temperature, and the existence of a crystalline core–molten

shell domain, instead of the solid–liquid two-phase domain of the bulk phase

diagram. These calculations also indicate that, on Ni nanoparticles below 3 nm,

nucleation will take place on a non-crystalline surface for temperatures above

*800 K, meaning that for Ni or similar metals, no epitaxial control of the tube

structure during the nucleation and growth can be expected.

6 Modeling the Growth of Carbon Nanotubes

Apart from the work of Gavillet et al. [74], investigating how C atoms can diffuse

and attach to the tube rim, thus supporting a root growth mechanism, papers

reporting simulations where tubes are grown up to a decent length usually rely on

simplified carbon–metal interaction models. For many of these, a model validation

is not always available, leaving the reader with unanswered questions about their

range of applicability. However, similar SWNT growth mechanisms on Ni

nanoparticles, involving the formation and coalescence of polyynes chains that

forms the carbon rings, have been evidenced using approximate TB-based GCMC

calculations and more accurate DFTB-based molecular dynamics [75], thus
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mutually supporting the robustness of these findings. In both cases, though, and in

other similar calculations [52, 63] as well, the poor quality of the structures

generated is a major problem: most direct computer simulations of nanotube growth

are impaired by an excess of defects created probably because of the too short time

range spanned. Very recently, MD simulations of a few 100 ns have been performed

[46] and seem to overcome this hurdle. Beyond a certain fraction of defects, we are

more dealing with amorphous sp2 bonded carbon, than real tubes. On the opposite,

some perfect tubes have been grown [76], but make use of a questionable modified

Monte Carlo algorithm. Simply growing a tube on the computer is not very

interesting, if grown tubes are too defective to enable defining their chirality. Trying

to understand how defects can be healed [77], is more relevant. The role of the metal

catalyst in the healing process has been underlined [78–80], suggesting that once a

defect survives the early stages of the growth, close to the catalyst nanoparticle, it

has a lower probability to get healed.

Beyond these important though somewhat neglected issues, two highly debated

questions concerning growth mechanisms and a possible control of the tubes’

chirality during their synthesis have been addressed from a theory and modeling

point of view. The first one concerns the respective role of thermodynamic and

kinetic contributions to the chiral selectivity. The screw dislocation model of

nanotube growth, proposed by Yakobson et al. [5], predicts that the growth rate

should be proportional to the tube’s chiral angle. It has been validated by some

experiments, among which in situ Raman spectroscopy on individual growing tubes

Fig. 9 Carbon sorption isotherms on face-centered cubic, Wulff-shaped, nanoparticles, with 201, 405,
and 807 Ni atoms. Carbon fraction (xC) inside the nanoparticle is plotted as a function of temperature and
C chemical potential (lC). Four different temperatures are considered. Ref. [73]
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[81]. In this kinetic approach, the main point of controversy is the neglect of the

catalyst nanoparticle and CVD conditions, while many reports [82–84] underline the

role of the catalyst, substrate, pressure, and temperature on the resulting (n, m)

distribution of nanotubes formed. The second one concerns the structure of the

catalyst nanoparticle under growth conditions. Assuming a crystalline structure of

the catalyst, Artyukhov et al. [85] developed a model showing that chiral

distribution results from antagonistic trends. Thermodynamic stability criterion

favors a flat contact between the tube and the nanoparticle crystalline surface, hence

the zig-zag or armchair edges, while the above-mentioned kinetic factor would

favor chiral tubes. As a result, shown in Fig. 11, a strong preference towards (n,

n-1) chiralities is predicted. Interestingly, somewhat similar lattice-matching

arguments have been used to explain recent findings of favored (12, 6) [11] and (8,

4) [28] chiralities. Quite obviously, some clarification is needed, and we now focus

Fig. 10 a Ni–C phase diagram for a Ni nanoparticle with 807 Ni atoms, as calculated from grand
Canonical Monte Carlo simulations. Different phases can be identified: I homogeneous liquid solution; II
C segregation at the surface of liquid NP; III C segregation at the surface of mostly solid NP; IV solid core
(beige)/liquid shell (red) nanoparticle, with upper liquid cap removed to visualize the crystalline core;
V solid solution. b Size-dependent Ni–C phase diagrams for icosahedral (left 55, 147, and 309 Ni atoms)
and face-centered cubic (right 201, 405, and 807 Ni atoms) nanoparticles compared to the bulk one (full
black line). Ref. [72]
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on less controversial situations where the nanoparticle is soft enough—fully liquid

or with a solid core—disordered shell structure—to adapt itself to the tube structure.

7 Controlling Growth Modes

If a full control of the tube’s chirality is a highly desirable, yet very difficult goal,

establishing a relationship between the diameter of the tube and that of the

nanoparticle from which it grows is already quite useful. A systematic TEM

analysis of this relation has been performed by Fiawoo et al. [59], who proposed to

discriminate between so-called ‘‘perpendicular’’ and ‘‘tangential’’ growth modes

(see Figs. 12, 13). The former corresponds to situations where the tube diameter is

significantly smaller than that of the particle from which it grew, the latter,

sometimes called ‘‘octopus’’ in reference to the carbon chains crawling around the

nanoparticles, to the case where both diameters are almost equal. Quite recently,

significant progress has been achieved in this direction, based on the understanding

Fig. 11 a Chiral distributions resulting from the models proposed by Ding et al. [5] (empty bars), further
refined by Artyukhov et al. [85] (full bars) in the case of a solid-state catalyst. b In the latter model,
interfacial energies calculated by molecular dynamics lead to very sharp (n, n-1) probability
distributions, even though the temperature considered is significantly higher than experimental ones
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[54] of the interplay between carbon solubility in typical catalysts such as Fe, Co,

and Ni, and their wetting properties with respect to the sp2 carbon wall of the tube.

Since the following results are still in the process of being been published, we give

some more details on the consequences of the carbon concentration dependence of

these interfacial properties on the control of the growth mode. It is characterized by

the tube/nanoparticle diameter ratio, and finding a way to tune them is indeed

essential, because many important properties depend on the tube diameter. Small-

diameter tubes display a smaller number of (n, m) types, making a (n, m) selective

growth in principle easier. Selective etching of metallic tubes has been shown [86]

to be more efficient for smaller diameter tubes, probably because larger curvature

makes small diameter tubes more reactive.

To control tube diameter, a first step is to start with a narrow size distribution of

catalyst nanoparticles, which is now well under control experimentally. The second

step is then to play with the growth mode, and here the input from joint

experimental, essentially TEM [59], and computer simulations studies, proves

essential. Turning back to the carbon solubility issue, the following computer

simulation results provide direct visual evidence: we start by putting nanoparticles

with 219 Ni atoms and variable fractions of carbon inside, in contact with SWNTs

with different chiralities, and diameters around 0.9–1.2 nm. After relaxation at

1400 K with our TBMC code, we notice that the pure Ni nanoparticle is almost

completely ‘‘sucked’’ in the SWNT and that the fully saturated one (with about 25%

carbon dissolved in) remains outside. Between these two extreme cases, a partial

wetting of the inner part of the tube is observed to increase with decreasing carbon

fraction dissolved in the nanoparticle. This is displayed in Fig. 12. Visual inspection

reveals that the metal inside the tube has a very small or vanishing fraction of

carbon dissolved in, while the outer part of the nanoparticle retains most of the

carbon atoms that were initially put in the Ni nanoparticle. This reminds us of the

carbon depletion effect in Ni layers close to a Ni/graphene interface observed in

[50, 51]. This splitting of the Ni nanoparticle into two parts, an almost pure one

Fig. 12 Sketch of nanotube/nanoparticle geometries resulting from our Monte Carlo relaxations at
1200 K, ranging from tangential (left) to perpendicular (right), when C content inside the NP increases.
Courtesy Y. Magnin
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inside the tube, and another one containing the remaining or totality of dissolved

carbon outside the tube, is observed only for tubes with a diameter larger than

*0.8 nm. No metal can penetrate inside tubes with a smaller diameter. Alterna-

tively, when tubes and nanoparticles are very large, in particular in the case of

thicker multi wall carbon nanotubes, we can reasonably expect that the carbon

depletion effect close to the sp2 wall has a more limited influence. However, this

tendency to form inhomogeneous nanoparticles with respect to their carbon content

is relevant for the growth of high-quality SWNTs to be used in electronic

applications, grown at high temperatures and in a 1–3 nm diameter range.

From these simulations, we can define an aspect ratio Rd ¼ dSWNT

dNP
, and calculate it

by assuming a spherical shape of the outer part of the nanoparticle. This aspect ratio,

plotted in Fig. 13, depends strongly on the carbon fraction dissolved in the

nanoparticle (xC), and seems to depend slightly on the tube chirality. This figure also

Fig. 13 a Left typical carbon sorption isotherm showing the relation between the carbon chemical
potential (lC) and the mole fraction xC of carbon dissolved in the catalyst nanoparticle. Right diameter

ratios Rd ¼ DSWNT=DNP
(x-axis), plotted for different carbon concentrations (y-axis), and different tube

chiralities, displayed with different colors. As indicated by the dashed lines, the growth mode depends on
the driving force for carbon incorporation: small lC favors large Rd, while larger lC leads to smaller Rd.
Courtesy Y. Magnin. b TEM images of SWCNTs grown by tangential mode (left) and perpendicular
mode (right) from Fe NP. Courtesy M. He
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presents two TEM images of tubes grown on Fe nanoparticles displaying two

different growth modes. The ‘‘perpendicular’’ one, with Rd\1, has been obtained

with CO as a feedstock, while CH4 has been used for the ‘‘tangential’’ one, with

Rd � 1. In the former, the tube/nanoparticle contact is reduced to a line, and in the

latter, a much larger contact area between the tube and the nanoparticle is formed by

the tube rim and the inner part of the tube that is wetted by the metal catalyst. This

suggests (at least) two ways to control the growth mode, and hence the tube

diameter distribution.

The first one is to play with the carbon chemical potential resulting from the

catalytic decomposition of the feedstock on the nanoparticle surface. The carbon

fraction inside the nanoparticle is indeed related to it via carbon sorption isotherms,

such as those calculated in [73]. This is illustrated in Fig. 9. This provides a possible

explanation to the experiments by Yao et al. [87] who used a temperature

modulation to modify the tube diameter during its growth. At higher temperature,

carbon solubility in the catalyst (Co or Fe) nanoparticle increases, hence the growth

tends to be more ‘‘perpendicular’’. Lowering temperature reversibly gives larger

diameter tubes. Another straightforward way to achieve this experimentally is to

change the feedstock. This has been done by He [88] who demonstrated that tube

diameter could be reversibly modified by alternating CO and CH4 feedstocks to

create tube junctions with large diameter differences. In both cases, the observed

reversibility indicates that the nanoparticle size is unaffected, leaving a change in

carbon fraction dissolved in the nanoparticle as the only option to explain the

observed modulation. Beyond these two proven techniques, one can imagine that

shifting the equilibrium of the feedstock decomposition reaction by modulating the

ambient, or the pressure of one of the reactants or products, might be an alternative.

The second one is to modify carbon solubility of the catalyst nanoparticle. We

have tested numerically [89] the effect of changing it in our tight-binding model for

nickel. Thanks to its physically grounded roots, it is quite easy to change the heat of

solution of carbon inside Ni by simply shifting the relative positions of the nickel d-

and carbon p-bands, keeping all other parameters constant. In doing so, we see in

Fig. 14 that chemical potential thresholds to start incorporating carbon in the

nanoparticles are shifted, as well as the solubility limits. Quite interestingly, we also

note that lower carbon solubility enhances the differences between face-centered

cubic and icosahedral nanoparticles. This might provide an explanation to the

experimental observation [90] that, under the same CVD conditions, tubes would

grow from fcc gold nanoparticles and not from icosahedral ones. How these growth

modes can influence the SWNT structure is the next important question that is not

yet fully understood.

8 Conclusions

In this paper, we show that computer simulation provides useful insight into the

mechanisms of SWNT growth by CCVD. Highly accurate DFT-based calculations

are used to investigate fundamentals of metal–carbon interactions, and give

quantitative estimates of binding energies between tubes and metal surfaces or
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nanoparticles in different situations. Interatomic interaction potentials with various

levels of complexity and accuracy are used to drive molecular dynamics or Monte

Carlo simulations, which enables simulating different aspects of the SWNT

synthesis, such as nucleation, growth, or defect healing. Apart from the paper by

Ding et al. [23], growth termination mechanisms that are of great practical

importance, have not been extensively investigated yet by atomistic models, and are

not discussed.

A central point in this review is to stress the importance of considering the

mutual interaction between the growing tube and the catalyst nanoparticle from

which it grows. In most computer simulations, under growth conditions, the surface

of the nanoparticle in contact with the tube appears to be disordered, even if its core

sometimes remains crystalline [72]. Wetting properties of the metallic nanoparticle,

with respect to the sp2 carbon wall of the tube are shown to play an important role

by controlling the growth modes. For Ni, taken as a typical and simple example,

these interfacial properties, and hence the growth modes, depend on the carbon

fraction dissolved in the nanoparticle. So do the growth modes, and hence the tube

diameter.

From a more general point of view, if modeling and computer simulations

significantly contributed to a better atomic scale understanding of SWNT growth

Fig. 14 Left carbon sorption isotherms calculated at 1000 K, using grand Canonical Monte Carlo
simulations for nanoparticles with 201, 309, and 405 Ni atoms. Different Ni–C models have been used,
corresponding to different carbon solubilities. Right schematic representation of icosahedral and face-
centered cubic nanoparticles, with different facets are presented. Ref.: Aguiar-Hualde et al. [89]
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mechanisms over the last 10 years, a lot remains to be done to uncover the

mechanisms underlying the experiments that have recently reported a (n, m)

selective growth [11]. Apart from some stability calculations performed under

conditions that might be far from the real experimental ones, and a kinetic model

[5], based on a spiral growth hypothesis, that is not strongly supported by

experimental evidence, no general and predictive model concerning the tube (n, m)

structure is currently available. This leaves open challenges for future work.
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Su DS, Schlögl R (2011) Angew Chem Int Ed Engl 50:3313–3317
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Abstract Single-walled carbon nanotubes (SWNTs) have shown great potential in

various applications attributed to their unique structures and outstanding structure-

dependent properties. The structure-controlled growth of SWNTs is a crucial issue

for their advanced applications and has been a great challenge in this field for two

decades. Metal catalyst-mediated SWNT growth is believed to be very efficient. In

this review, progresses in diameter and chirality controlled growth of SWNTs with

metal catalysts is summarized from several aspects, including growth mechanism

and theory, effects of catalysts, and the chemical vapor deposition conditions. The

design, preparation, handling and dispersion, and the size evolution of metal cata-

lysts are all discussed. The influences of growth environment including the type,

composition, and pressure/concentration of the carbon source as well as the tem-

perature on the selectivity toward the nanotube structure are analyzed. We also

discuss some of the challenges and trends in this field.
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Abbreviations
AFI Zeolite AlPO4-5

AFM Atomic force microscope

APTES 3-Aminopropyltriethoxysilane

CVD Chemical vapor deposition

DFT Density functional theory

Dps DNA-binding proteins

E11 First van Hove optical transition energy

E-TEM Environmental transmission electron microscopy

EDS Energy-dispersive X-ray spectroscopy

FCCVD Floating catalyst CVD

FFT Fast Fourier transform

FTIR Fourier transform infrared spectroscopy

G6OH Sixgeneration polyamidoamine dendrimers with 100% hydroxyl

termination

HAADF High angle annular dark field

HMDS 1,1,1,3,3,3-Hexamethyldisilazane

PAMAM Polyamidoamine

POM Polyoxometalate

PS-b-PFEMS Polystyrene-block-polyferrocenylethylmethylsilane

PS-b-PVP Polystyrene-block-polyvinylpyridine

ptz Pyrazine

RBM Radial breathing mode

SDBS Sodium dodecyl benzene sulfonate

SOG Spin-on-glass

STEM Scanning transmission electron microscope

SWNTs Single-walled carbon nanotubes

TEM Transmission electron microscope

UHV Ultrahigh vacuum

UV–Vis–

NIR

Ultraviolet/visible/near-infrared

VLS Vapor–liquid–solid

VSS Vapor–solid–solid

1 Introduction

Single-walled carbon nanotubes (SWNTs) are one of the most widely studied

materials in the past two decades. Their outstanding properties endowed by their

unique structure have shown great potential in various applications such as

nanoelectronics [1–4], sensors [5, 6], energy conversation and storage [7–10],

biomedicine [11, 12], and functional composites [13–15]. A SWNT can be seen as a

cylinder formed by rolling up a piece of graphene sheet along the chiral vector

Ch = na1 ? ma2 (where a1 and a2 are lattice unit vectors of the graphene sheet)

from the origin point (0, 0) toward the point (n, m) on the graphene sheet, as shown
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in Fig. 1. Not only the structure of each SWNT but also its band structure is

uniquely defined by its chiral index (n, m) [16, 17]. Therefore, the structure-

controlled synthesis of SWNTs has been one of the most important topics in the

field.

Chemical vapor deposition (CVD) synthesis method has become the most

promising method for structure-controlled growth of SWNTs because it offers more

parameters to achieve better control of the catalysts, substrates, and growth

conditions [18]. It is also easier to be scaled up. In a CVD process, carbon

precursors convert into SWNTs through interacting with the catalyst, which means

SWNTs nucleate and grow from active catalyst nanoparticles. Therefore, the

structure of catalyst nanoparticles, including size, composition, morphology, and

their evolution during the CVD process plays a critical role in the selective synthesis

of SWNTs.

In this review, we start from the introduction on the growth mechanism of

SWNTs, then describe the structure-controlled growth of SWNTs through catalytic

nanoparticles engineering and the evolution of catalyst nanoparticles during SWNTs

process. The effect of the CVD conditions is also included. We also discuss the

challenges and opportunities toward the structure controlled growth of SWNTs.

2 Growth Mechanism of SWNTs

In order to control the structure of SWNTs, such as diameter and chirality, it is very

important to understand the growth mechanism. Catalytic nanoparticles are usually

used to initiate the growth of SWNTs, though there are a few reports about non-

metallic catalysts such as SiC, Ge, Si [19], and BN [20], oxide nanoparticles such as

Fig. 1 Schematic illustration of a (6, 5) SWNT rolled up from a graphene sheet. The chiral indices (n,
m) uniquely define the structure of a SWNT
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SiO2 [21–24], Al2O3 [24], and TiO2 [25], and crystalline diamond particles [26].

Metallic nanoparticles, including Fe, Cu, Co, Ni, Pt, Pd, Mn, Mo, Cr, Sn, Au, Mg,

Al, and Rh, have been intensively used for SWNT growth [27–30] because they are

believed to be generally more efficient than non-metal catalysts. Various metallic

catalysts have different activities in catalyzing the decomposition of the carbon

precursors, which always affect the properties of the as-grown SWNTs [27, 31]. For

instance, cleaner SWNTs with smaller diameters and narrower size distributions

were obtained from Cu catalyst when compared with Fe [32]. It is believed that the

metal catalyst-driven growth of SWNTs is generally via a vapor–liquid–solid (VLS)

mechanism (Fig. 2a), which was originally used to explain the growth of silicon

whiskers from liquid Au droplets on silicon substrate [33]. In this process, carbon

species diffuses on the surface of metal nanoparticles and then decompose into

carbon species, which are dissolved to form a liquid alloy between metal and

carbon. When the liquid catalyst particles are saturated with carbon, the carbon

atoms begin to precipitate from the surface of a particle to form the cap of a SWNT

[34–37]. Jourdain and Bichara summarized the four roles of the catalysts in SWNT

growth [38]. Similar to the case of normal heterogeneous catalytic reactions, the

catalysts catalyze the decomposition of carbon source and manage the reaction and

diffusion of carbon intermediates on the surface and within the catalyst particles.

These are the first two roles of metallic catalysts. The other two roles are serving as

the nucleation sites for carbon caps and keeping the sites active to grow nanotubes.

Fig. 2 Schemes of different SWNT growth mechanisms. a VLS mechanism. b Perpendicular mode.
c Tangential mode. d VSS mechanism. VLS mechanism and tangential nucleation mode give the
possibility of controlling the diameter of SWNTs via control the properties of catalytic nanoparticles
(Corresponding figure is reproduced with permission [44], Copyright 2016, American Chemical Society)
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Therefore, it is reasonable to conclude that catalysts are extremely important for the

structure-controlled growth of SWNTs [27].

Loiseau et al. found that there are two nucleation modes describing the contact

between the graphitic wall of the tubes and the particle, i.e. tangential mode and

perpendicular mode [39]. In the case of tangential mode, the graphitic wall of the

tube grows tangentially with respect to the nanoparticle surface (Fig. 2c), while in

the perpendicular mode, the graphitic wall stands perpendicularly on the surface of

the nanoparticle (Fig. 2b). The diameter of the resulting SWNT is similar to the size

of the catalytic nanoparticle when growing via the tangential mode, while in

perpendicular mode, the diameter of a SWNT will be smaller and independent from

the size of the catalytic nanoparticle. There is a competition between the two

nucleation modes. According to the simulation study, the perpendicular growth

mode often happens when the growth condition is far from the local thermodynamic

equilibrium [39]. It is proposed that the presence of nitrogen [40–42] or sulfur [43]

in carbon feeding stock also leads to the growth in perpendicular mode because the

heteroatoms can interact with the surface of catalytic nanoparticles.

Statics on the structure distribution of SWNTs grown by different processes

shows that components with larger chiral angle (h) normally have higher contents in

the samples [45]. According to theoretical studies including molecular dynamics

(MD) simulations and static density functional theory (DFT) calculations [45–47],

there is a strong dependence of SWNT growth rate on chiral angle h, and the growth
of SWNTs with larger chiral angle is favorable. This rule was further proved

experimentally [48, 49]. Yakobson et al. combined the thermodynamics of tube-

catalyst interface and the kinetic growth theory to discuss the chirality selectivity in

SWNT growth [50]. Catalyst particles in liquid state have irregular and highly

mobile structures; therefore, the kinetic route of selection becomes dominant,

resulting in the selective growth of (2m, m) tubes with the fastest growth. The

energetic preference towards achiral tubes and the faster growth kinetics of chiral

nanotubes work together leading to the enriched growth of near-armchair SWNTs

such as (6, 5), (7, 5), and (9, 8) tubes. By using metal catalysts with uniform size,

SWNTs enriched with a specified chirality in (n, n - 1) or (2m, m) regime may be

synthesized. However, it is very difficult to reach a high selectivity in any chirality

other than (n, n - 1) or (2m, m) types with ordinary metal catalysts.

Beyond the normal VLS growth of SWNTs with metal catalysts, there is another

possibility of growing SWNTs via the vapor–solid–solid (VSS) mechanism

(Fig. 2d), in which the catalyst nanoparticles do not melt and remain solid state

during the CVD process. Robertson et al. proposed an epitaxial nucleation model of

SWNTs [51, 52]. Through ab initio calculations, they showed that the formation of

some specific types of caps is favored by their epitaxial relationship to the surface

structure of solid-state catalyst and subsequently the tubes with corresponding

chiralities grow preferentially. Based on the VSS mechanism, they proposed an idea

for the chirality-selective growth of nanotubes by controlling the type of caps that

form on the catalyst at the nucleation stage [51]. However, Yakobson et al. showed

later that the energy variability associated with the carbon nanotube caps is tiny

compared to that of the interfaces between nanotubes and catalyst nanoparticles

[53]. As a result, the differentiation between the formation energy of caps cannot be
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a dominant factor determining the chiral distribution. The chirality selective growth

may be realized by tuning the interaction between nanotube edges and catalysts

through the selection of different metals and manipulating the structures. Balbuena

et al. [54] suggested that a sufficiently strong metal-substrate interaction keep the

crystallinity of the metal catalyst at high temperature and subsequently limits the

diffusion of carbon atoms into the body of the nanoparticle. This leads to the

favorable growth of carbon structures templated by the metal surface. The

nucleation normally occurs on metal atoms at the steps with lowest coordination.

It seems VSS mechanism offers better opportunities for realizing chirality

selective growth. If the ‘‘contact’’ epitaxial matching between the metal atoms of the

catalyst nanocrystal and the edge structure of a SWNT is specific enough, a cap with

determined structure will be formed epitaxially and subsequently a SWNT with

specified chirality will be produced [44].

3 Catalysts for Diameter-Controlled Growth of SWNTs

Diameter control is a basic part of SWNTs structure control. Many of SWNT

properties are related to their diameter. For instance, the bandgap of a semiconducting

SWNT is approximately inversely proportional to its diameter [17]. Therefore, it is of

great interest to produce SWNTs with desired diameter and narrow diameter

distribution. According to the growth mechanism, there is a positive correlation

between the size of catalytic nanoparticles and the diameters of SWNTs. The size

control of catalyst nanoparticles at the very first step of the growth is the most

significant part in diameter control of SWNTs. In this part, we will discuss the

methodology in the size control of catalyst nanoparticles, the dispersion and evolution

of nanocatalysts in CVD process, and the diameter-controlled growth of SWNTs.

3.1 Size-Controlled Preparation of Metallic Nanocatalysts

3.1.1 Capping Agent-Assisted Preparation of Nanoparticles with Narrow Size

Distribution

Capping agents have been widely used to control the size of nanoparticles in

solution-based preparations. Capping agents can adsorb on the surface of

nanoparticles by coordination or static charge interactions to prevent the un-desired

growth of particles and obtain nanoparticles with smaller size and narrower size

distribution. Liu et al. used a mixture of long-chain carboxylic acid and long-chain

amine as protective and dispersive agent and prepared uniform iron-molybdenum

nanoparticles with the diameters varied from 3 to 14 nm and standard deviation as

small as *7–8% (Fig. 3) [55]. The ratio of metal precursor to capping agents and

the ratio of acid to amine both affect the size of synthesized nanoparticles. Lieber’s

group obtained nearly monodispersed iron nanoparticles with average diameters of

3, 9, and 13 nm by changing the carbon chain length of the carboxylic acid

surfactant, and the carbon nanotubes produced were with the average diameters of 3,

7, and 12 nm, respectively [56].
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Fig. 3 Transmission electron microscope (TEM) images of Fe–Mo nanoparticles synthesized under
typical conditions (with a 1:1 mixture of bis-2-ethylhexylamine and octanoic acid at a concentration of
0.100 mmol) (a) and 2.50 mmol (b) or 5.00 mmol (c) of protective agent was used. The scale bars in the
inserts are all 4 nm (Corresponding figure is reproduced with permission [55], Copyright 2001, American
Chemical Society)
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3.1.2 Using Precursors with Uniform Size to Prepare Mono-Dispersed

Nanoparticles

Metal-Loaded Protein Precursors Dai’s group used ferritin, an iron-storage protein,

to synthesize discrete iron oxide nanoparticles with controllable diameters and grew

SWNTs from these nanoparticles on substrate by CVD (Fig. 4) [57]. The apo-

ferritin protein is made of 24 polypeptide subunits, with a central core *8 nm in

diameter and can store up to 4500 iron atoms. They synthesized two types of

catalytic nanoparticles with different diameters by changing the Fe loading in apo-

ferritin precursor. The diameters of catalytic Fe2O3 nanoparticles produced by

loading *200 and *1100 Fe atoms were 1.5 ± 0.4 and 3.0 ± 0.9 nm, respec-

tively, while the diameters of as-grown SWNTs were 1.9 ± 0.3 and 3.7 ± 1.1 nm,

Fig. 4 a Schematic image of process for SWNT synthesis from discrete nanoparticles by CVD. Diameter
distribution for Fe2O3 nanoparticles and nanotubes grown from nanoparticles produced by loading
different numbers of Fe atoms: b*200 Fe atoms loading; c 1100 Fe atoms loading; Diameter distribution
of nanotubes grown from nanoparticles produced by loading different numbers of Fe atoms: d 200 Fe
atoms loading; e 1100 Fe atoms loading (Corresponding figure is reproduced with permission [57],
Copyright 2001, American Chemical Society)
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respectively. Researchers also filled cobalt [58] and gold [59] atoms into apo-ferritin

shells and obtained uniform catalytic nanoparticles to grow SWNTs. Ferritin with

narrower size distribution, which is favorable for producing catalyst nanoparticles

with uniform size, can be obtained by sedimentation velocity centrifugation [60].

In addition to ferritin [61, 62], Jeong et al. also used DNA-binding proteins (Dps)

[63] to load Fe. There is an iron compound with the size of *4 nm in the hollow

space of Dps [64]. The SWNTs (diameter 1.1 ± 0.3 nm) were grown by using iron

nanoparticles (size 2.4 ± 0.5 nm) derived from Dps on silicon wafer or suspended

on pillars. In addition, polymerized hemoglobin containing 11 Hb molecules was

also used as the catalyst precursor of SWNTs synthesis. SWNTs with very narrow

diameter distribution of 1.08 ± 0.26 nm were obtained from the iron oxide

nanoparticles with an average diameter of 1.30 ± 0.36 nm [65].

Dendrimers and Copolymer Mediated Preparation Polymers such as dendrimers

[66–69] and block copolymers [70–76] can be used to control the size of catalytic

nanoparticles. Dai’s group first used six generation polyamidoamine dendrimers

with 100% hydroxyl termination (G6OH), which is a kind of dendrimer of

polyamidoamine (PAMAM), to transfer Fe(III) ions onto the SiO2 substrate with

good dispersion [69]. The G6OH molecules have ion complexation capability from

the tertiary amines of the outmost shells and each molecule can seize a maximum of

64 Fe(III) ions. The Fe(III) loaded G6OH molecules were dispersed on the substrate

and transformed into iron oxide nanoparticles by annealing. These iron oxide

nanoparticles were reduced to form uniform Fe nanoparticles with the size of

1–2 nm, which further catalyzed the growth of SWNTs with a narrow diameter

distribution of 1–2 nm. The size of the eventually formed Fe nanoparticles can be

adjusted by the size of the dendrimers, the density of the functional groups on the

shells of the dendrimers, and the loading of Fe(III), hence the diameter of the

resultant nanotubes can also be manipulated [66–68].

Block copolymer molecules are composed of fragments with different properties.

The phase separation of block copolymers occurs at a certain temperature and forms

periodic nanostructures [75, 76]. This property makes it possible for them to serve

as a template for the preparation and deposition of metal catalyst nanoparticles on

substrates (Fig. 5).

Polystyrene-block-polyvinylpyridine (PS-b-PVP) block copolymers have pyr-

idine sites to coordinate with transition metal ions and the complexes can form

spherical micelles in toluene, in which metal-PVP complex present at the core and

PS chain at the outer shell, shown in Fig. 5. By further annealing and reduction,

well-dispersed uniform metal nanoparticles were obtained to grow SWNTs [70–73].

Liu et al. applied PS-PVP micelles loaded with different amount of FeCl3 as catalyst

precursors for SWNT growth [70]. They tried the Fe/PVP ratios of 0.6, 0.2, and

0.06. The as-formed nanoparticles after O2 plasma treatment were well-dispersed

with uniform size according to the atomic force microscope (AFM) measurements

(Fig. 6). The average sizes of the nanoparticles are 6.6, 3.0, and 1.9 nm,

respectively, while the diameters of the SWNTs produced are 2.7 ± 0.3,

1.2 ± 0.1, and 0.9 ± 0.1 nm, respectively. Lu et al. and Belcher et al. used PS-

PVP block copolymer micelles to produce a series of transition metal nanoparticles

such as iron, cobalt, nickel [72], molybdenum [71], and bimetallic Fe–Mo [71] with
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controlled size and then to produce high quality SWNTs with narrow size

distribution. Similar to the Fe/PVP system, by changing the ratio of metal/PVP, both

the sizes of nanoparticles and SWNTs were tuned [71].

Different from the pristine PS-b-PVP block copolymers, PS-b-PFEMS already

holds iron atoms in the structure and, therefore, can be directly used to prepare Fe

nanoparticles for SWNT growth [74]. Using Fe nanoparticles produced by this

method, SWNTs with diameters of 1 nm or less were prepared.

Nanocluster Precursors Polyoxometalate (POM) clusters are a family of

polyatomic oxyanions of several transition metals (such as Mo, W, V, Nb, and

Ta). There are enormous numbers of polyoxometalate clusters. Most of them have

discrete cluster structures of definite sizes and shapes formed by metallic oxide

polyhedrals (such as octahedral and tetrahedral) with exact numbers linking to each

other by sharing corners and edges [77]. Attributed to the well-defined composition

and size, the nano-scaled clusters are superior precursors for preparing metallic

nanoparticles. Monometallic Mo clusters [78, 79] and bimetallic Fe–Mo clusters

[78, 80–83] and Fe–W clusters [84] have been used as catalyst precursors for

diameter-controlled growth of SWNTs.

Liu’s group reported the growth of SWNTs using nanoclusters (denoted as

FeMoC), originally synthesized by Müller et al. [85, 86], as catalyst precursors to

produce small and uniform Fe–Mo nanocatalysts [80] (Fig. 7). The SWNTs grown

have an average diameter of 1.0 nm with the standard deviation of 0.18 nm (17%).

Fig. 5 a The structure of polystyrene-block-polyferrocenylethylmethylsilane (PS-b-PFEMS)
(Corresponding figure is reproduced with permission [73], Copyright 2006, American Chemical
Society). b The structure of PS-b-PVP (Corresponding figure is reproduced with permission [73],
Copyright 2006, American Chemical Society). c Schematic of the preparation of nanoparticles by using
block copolymer micelles (Corresponding figure is reproduced with permission [72], Copyright 2006,
American Chemical Society)
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Barron et al. systematically studied the FeMoC system [81]. They found that pure

FeMoC is inactive as a pre-catalyst for the growth of SWNTs because an individual

FeMoC molecule may not contain sufficient metal atoms to make an active catalyst.

SWNTs can only grow when FeMoC clusters form small aggregations with the size

of around*4 nm or excess iron is added. The diameters of the SWNTs grown from

the cluster precursors with well-controlled aggregation are very uniform and can

also be adjusted as shown in Table 1.

Fig. 6 AFM image and diameter distributions of nanoclusters formed and nanotubes grown on the
surface with different ratios between FeCl3 and the PVP block: a FeCl3: PVP = 0.6; b FeCl3: PVP = 0.2;
c FeCl3: PVP = 0.06. All images are 3 9 3 lm2 (Corresponding figure is reproduced with permission
[70], Copyright 2004, American Chemical Society)

Fig. 7 a The single-crystal ‘‘cluster-within-a-cage’’ structure of FeMoC cluster; b AFM images of the
SWNTs grown from FeMoC nanoclusters; c diameter distribution of the SWNTs grown from FeMoC
nanoclusters (Corresponding figure is reproduced with permission [80], Copyright 2002, American
Chemical Society)
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Li et al. also used FeMoC clusters as the catalyst precursors. But instead of

silicon wafers, they grew horizontally aligned SWNTs on ST-cut quartz substrates

[83]. Because MoO3 is easy to be vaporized at the temperature above 600 �C, the
annealing process in air is unfavorable for obtaining uniform catalyst nanoparticles.

It was also found that the size of the catalyst nanoparticles as well as the diameter of

the produced SWNTs is remarkably dependent on the growth temperatures. The

diameter of the SWNTs was adjusted from 0.76 to 1.53 nm when the growth

temperature was changed from 900 to 970 �C.

3.1.3 Catalyst Nanoparticles Confined in Porous Materials

Mesoporous materials such as MCM-41 [87] present nanometer-scaled channels

which can serve as templates to confine the size of the catalytic nanoparticles.

Various types of metals including Co [88–95], Fe [96, 97], Ni [95], Mo [98], Nb

[98], and Fe–Zn [97] have been incorporated into MCM-41.

Haller et al. used Co and Ni incorporated MCM-41 to grow SWNTs [95]. All the

procedures including annealing, reduction, and growth were performed at 700 �C.
The MCM-41 template maintained its structure after successive reaction cycles.

This result shows that mesoporous materials have enough thermal stability to act as

the templates confining the size of catalyst nanoparticles for tube growth.

The pore sizes of MCM-41 also can be tuned. Haller et al. used alkyl templates

with different carbon chain lengths of 10–18 carbon atoms to prepare Co

incorporated MCM-41. The pore sizes changes from 1.8 to 3.5 nm according to

the nitrogen physisorption measurements [88]. In another work, they prepared Co–

MCM-41 with C12 and C16 alkyl chains and resulted in pore diameters of 2.6 and

3.3 nm, respectively [90]. The diameter of the SWNTs grown by such confined

catalysts was normally smaller than the pore size of the mesoporous materials. The

average diameters of the SWNTs produced from the Co–MCM-41 with pore sizes

of 2.6 and 3.3 nm were determined to be *0.67 and *0.85 nm, respectively.

The loading of metals can be adjusted. Pfefferle et al. [91] found that Co–MCM-

41 samples with different cobalt loadings have different stability against reduction.

Table 1 Comparison of lengths and diameters for SWNTs grown from FeMoC catalyst system

Growth method Substrate Average lengtha

(lm)

Average diameter

(nm)

References

FeMoC Si [1 1.3 (±0.50) [80]

FeMoC-ethanolb Si [1 1.1 (±0.1) [81]

FeMoC-ethanolb SOG 0.3 2.1 (±0.1) [81]

FeMoC-ptz (1:25)b SOG [1 1.25 (±0.25) [81]

FeMoC-ptz-Fe(NO3)3 (1:25:25)
b SOG [1 1.6 (±0.2) [81]

Corresponding table is reproduced with permission [81], Copyright 2006, Royal Society of Chemistry

SOG spin-on-glass, ptz pyrazine
a The length of the as grown SWNT will depend on the reaction time
b Reaction time 15 min
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It could lead to producing tubes with a narrow distribution of diameters until the co-

loading of *4 wt%. In the case of an Fe–MCM-41 system, the diameter of SWNTs

produced from a 2 wt% Fe-loaded sample is well controlled to 0.67–1.28 nm, but

the multi-walled carbon nanotubes became predominant when the Fe-loading was

increased to 3 wt% [96].

The type and composition of the metal also affect the diameters of produced

SWNTs. The diameters of SWNTs produced from Mo–MCM-41 and Nb–MCM-41

are 1.06–2.9 and 1.08–2.3 nm, respectively [98]. The Fe–Zn–MCM-41 can produce

SWNTs with a narrow diameter distribution in the range of 1.5–2.5 nm when the

Fe:Zn ratio is 3:1.

Other than the silica-based mesoporous materials, Ago et al. also used porous

MgO as the catalyst support to perform the diameter-controlled growth of SWNTs

[99]. The produced tubes show a narrow diameter distribution with a mean diameter

of 0.93 nm, while the crystalline MgO-supported catalysts resulted in a very broad

distribution in the nanotube diameters under the same conditions.

In addition to the metal-loaded mesoporous materials, SWNTs can also be

synthesized within the channels of microporous zeolite. In the latter case, no

metallic catalysts are needed. For example, ultrathin SWNTs with a diameter of

0.42 ± 0.02 nm were prepared by the pyrolysis of tripropylamine molecules in the

channels of zeolite AlPO4-5 (AFI) single crystals [100–104].

3.2 Dispersion of Catalytic Nanoparticles

In addition to the size of the catalytic nanoparticles, the dispersion and deposition of

catalysts on substrates are also important in the controlled growth of SWNTs. This

procedure should be well designed to avoid the aggregation of catalysts or catalyst

precursors.

There are different approaches to disperse catalysts onto substrate to control the

diameter of SWNTs. Sputtering a thin film of catalytic metal thin film on the surface

with a defined thickness is a simple method to prepare catalysts and to grow carbon

nanotubes with narrow diameter distribution [105, 106]. Arc plasma deposition can

also deposit catalyst thin film with controlled thickness and composition. All these

approaches have different control range on the nanotube diameters [107].

Solution-mediated process is another route. Modifying the catalyst surface with

capping agents, increase of surface charge, and the presence of surfactants can all

improve the solubility of catalyst nanoparticles or catalyst precursors [108–110].

The good dispersibility of nanoparticles is one of the important issues for preparing

the uniform catalysts on substrates. The other important issues are the surface

property of substrates and the interaction between the nanoparticles and substrates.

The nanoparticles can be deposited onto the substrates relying on electrostatic

interactions [80], hydrophobic interactions [111], and coordination interactions [112].

For example, if simply dropping the aqueous solution of nanoclusters onto a substrate,

the nanoclusters will aggregate along with the evaporation. Liu et al. [80] used

3-aminopropyltriethoxysilane (APTES) to modify the silicon dioxide surface. Upon

the self-assembly of APTES on silicon dioxide surface, an amine group terminated

surface was obtained and the surface becomes positively charged. Through the
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Coulombic attraction, the negatively charged nanoclusters were bonded strongly with

the positively charged -NH2 groups on the substrate to obtain well-dispersed

nanoclusters, which benefits the formation of uniform catalyst nanoparticles. Surface

modification have also be done taking advantage of hydrophobic interaction [111].

The self-assembly of 1,1,1,3,3,3-hexamethyldisilazane (HMDS) canmake the surface

of Si/SiO2 substrate hydrophobic, as shown in Fig. 8. Then the Fe/Mo nanoparticles

cappedwith alkyl amine and alkyl carboxylic acid, which show a hydrophobic surface

property, can be uniformly distributed on the substrates [55] (Fig. 8).

3.3 Evolution of Catalytic Nanoparticles

It is generally accepted that metal nanoparticles tend to aggregate during the

calcination and reduction processes. The nanoparticles may also undergo Ostwald

ripening [113] during the reduction and CVD processes. The smaller particles

evaporate and the larger particles continue to grow. All the above processes lead to

larger nanoparticles with broader size distribution, which is definitely unfavorable

for controlling the diameter distribution of as-grown SWNTs and should be avoided

as much as possible.

3.3.1 Evolution of Fe Nanoparticles During Calcination and Reduction

Before introducing the carbon source into the CVD system, the precursors normally

need to undergo calcination and reduction processes to from catalytic metal

nanoparticles. During these processes, the size and morphology of the catalysts

change and affect the SWNT growth. We will use the iron nanoparticle as a model to

understand how the nanoparticles change in these processes and how to control them.

The evolution of nanoparticles was generally studied by systematic nanoparticle-

size analysis at each step before and during CVD process under typical growth

conditions without any carbon feeding using AFM and transmission electron

microscope (TEM). The different processes involved during reduction are sketched

in Fig. 9.

At the first stage, the average size decreases after calcination because of the

removal of the organic components in the precursor [61], the evaporation also lead

to the size decrease of the nanoparticles [114, 115]. Then two competing processes,

Ostwald ripening and subsurface diffusion, govern the morphological change of the

catalyst particles at annealing process [114, 116]. After a few minutes of annealing,

Ostwald ripening begins, larger particles appear, and the density of particles

decreases, which leads to broadening particle diameter distributions [117, 118].

When elongating the annealing time, the catalytic nanoparticles embed into the

substrate [62], especially in the system of Fe nanoparticles/Al2O3 substrates [118].

The cross-sectional TEM observation confirmed that Fe nanoparticles indeed

diffused into the alumina layer (Fig. 10). Spectroscopic investigations developed by

Colaianni et al. revealed that the surface diffusion of Fe into Al2O3 can be initiated

at temperatures as low as 600 �C [119]. If Fe was deposited between two layers of

Al2O3, Fe nanoparticles with a narrow distribution can be obtained to grow SWNTs

Top Curr Chem (Z) (2017) 375:29

123 38 Reprinted from the journal



with uniform diameter via moderating the annealing time to control the state of the

diffusion [120].

While continuing to prolong the annealing time, there is another process: the Fe

atoms precipitate from the sapphire subsurface and the particles start Ostwald

ripening at the high temperature again [121].

In the reduction process, hydrogen is crucial to form the nanoparticles with

proper size especially when the catalyst precursor is a metal thin film [116].

Hydrogen helps to break down the metal thin film to form small particles. A

Fig. 8 a Schematic representation of the chemical modification on substrate surface. Photo of a water
droplet on different substrates: b bare substrate; c modified with HMDS at room temperature for 1 min,
d 150 �C for 30 min; AFM images, height measurement, and diameter distribution of the Fe/Mo NPs on
different substrate surfaces: e bare substrate; f modified by HMDS for 1 min at room temperature;
g annealed 150 �C for 30 min (Corresponding figure is reproduced with permission [111], Copyright
2015, Huang S)
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sufficient amount of hydrogen can fully guarantee the reduction of metal oxide

nanoparticles and produce small metal nanoparticles. Hata et al. found that under

the same conditions, when the concentration of hydrogen was 90%, the average size

Fig. 9 Illustration of catalyst
particle evolution model during
reduction

Fig. 10 Cross-sectional TEM images of the Fe catalyst and Al2O3 support after growth for a 30 s and
b 30 min. Insets in the top corner are the fast Fourier transform (FFT) from the areas outlined in
rectangles and insets in the bottom corner are the inverse FFTs using only the primary diffraction points
from the FFTs. c Scheme illustrating the cross-sectional TEM images shown in a, b emphasizing the
location of the Fe particles with respect to the Al2O3 layer (Corresponding figure is reproduced with
permission [118], Copyright 2010, American Chemical Society)
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of as-formed catalyst particles was 2–3 nm, but when using 10% hydrogen, the

particle size was larger than 5 nm.

3.3.2 Prevent Aggregation and Ripening of Catalytic Nanoparticles

It is always helpful to prevent the aggregation of catalyst nanoparticles by lowering

the particle density. Jeong et al. found that when the density of catalytic

nanoparticles decreased, diameter distribution of the nanotubes became narrower

[75]. At the lowest catalyst density, only a single peak of radial breathing mode

(RBM) corresponded to the tube diameter of 1.08 nm was observed from Raman

spectra, suggesting the growth of homogeneous SWNTs.

The conditions for preparing catalytic nanoparticles, such as the time and

temperature of annealing and reduction and the amount of reduction gas exposed,

are also important. By manipulating the catalyst formation temperature and H2

exposure condition, Hata et al. adjusted the size distribution of Fe nanoparticles

originated from Fe thin film, and eventually produced SWNT forest with the

controlled diameters ranging from 1.9 to 3.2 nm at a suitable growth condition

[116]. They investigated the relationship between the particle sizes of the catalyst

and their surface energies and found that the increase in decreasing the size of

particle. They used high concentration of H2 to increase the surface energy of Fe

nanoparticles, thus reducing the SWNT diameters. While the tube diameter showed

a direct proportionality with catalyst formation temperature, the lower temperature

reduced the aggregation and Ostwald ripening efficiently, shown in Fig. 11. Park

et al. [122] also reported lower temperature can suppress catalyst agglomeration and

Ostwald ripening. Moderating the reduction time is also helpful to maintain the size

of catalytic nanoparticles and consequently the diameter of as-produced SWNTs

[114] (Fig. 11).

By using the competition relationship between Ostwald ripening, substrate

diffusion and atom evaporation, the aggregation and ripening can also be

suppressed. Ago et al. controlled the size of Fe nanoparticles by annealing in

ultrahigh vacuum (UHV) [121]. They found that the thermal annealing in UHV for

1 h combined with H2 reduction reduced the size of Fe nanoparticles and narrowed

its distribution, which resulted in the growth of horizontally aligned SWNTs with

uniform-diameter. 76% of the nanotubes have diameters between 1.3 and 1.4 nm.

The UHV in the high temperature improved the evaporation of Fe atoms, which is

the main reason for the decreasing of the Fe nanoparticle size. Substrate diffusion

still exists in the UHV-assisted CVD process, which results in size increase of Fe

nanoparticles when prolonging the annealing time.

Last, bimetallic or trimetallic catalysts have frequently been used to prevent the

aggregation of the catalytic nanoparticles, in which one of the components can serve

as active part while the others serve as dispersant or protector [97, 107, 123, 124].

These kinds of multi-component metallic catalysts can achieve a good selectivity of

both diameter and chirality of SWNTs, which will be discussed in details in next

part of the review.

In summary, the diameter of the carbon nanotubes is closely related to the size of

the catalysts. To achieve diameter-controlled growth of SWNTs, the size of the
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catalyst nanoparticles should be well-controlled and maintained via the following

procedures: first, synthesize the catalytic particles with designed size and narrow

size distribution by using catalyst precursors with uniform size such as nanoclusters,

iron-loaded ferritin or confined by mesoporous materials and block copolymers;

second, make the catalyst particles well-dispersed on substrates with the help of

surfactants and/or surface-modification of substrates; third, maintain the size of

catalyst nanoparticles by preventing aggregation and Ostwald ripening.

4 Chirality-Selective Growth of SWNTs

As stated above, the property of SWNTs is fully determined by their structures,

which are described by their chiral index. A SWNT sample composed of nanotubes

with a single chirality and identical band structure presents homogenous property,

which is desired in many high-end applications such as nanoelectronics [125, 126],

photovoltaic process [127, 128], and bioimaging [129, 130]. Therefore, to control

the chirality distribution of SWNTs in catalytic CVD synthesis and produce SWNTs

with uniform properties is essential to explore and achieve their potential

applications [40, 131]. Catalyst design plays a key role in the efforts toward

chirality-controlled synthesis of SWNTs.

Fig. 11 a Fourier transform infrared spectroscopy (FTIR) spectra of SWNT forests synthesized from
various catalyst formation conditions. The red trapezia indicates the region of first van Hove optical
transition energy (E11) of SWNT. SWNT diameters converted from E11 positions are shown at the right
side of each spectrum. Plots of diameters obtained from FTIR (b), forest mass densities (c), forest heights
(d), and G/D-band ratios measured from Raman spectroscopy (e) as a function of the catalyst formation
conditions (temperature and total flow rate) for SWNT forests synthesized with fixed hydrogen
concentration of 90% (Corresponding figure is reproduced with permission [116], Copyright 2013,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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4.1 Bimetallic Catalysts

Resasco et al. used CoMo bimetallic catalyst with an initial Co:Mo molar ratio of

1:3 to grow SWNTs. After a CO CVD synthesis at 750 �C, the (6, 5) and (7, 5) tubes
represented 38% of all species as shown in Fig. 12a [132]. Then they optimized the

CVD process by varying the temperature, the carbon feed composition, and the

supporting materials for catalysts. A (n, m) population distribution of 54% (6, 5)

SWNTs characterized by optical absorption was obtained using CoMo catalyst

under the reaction condition of growth temperate at 700 �C, CO as the carbon feed

composition, and SiO2 as the catalyst support [133]. They suggested that the

bimetallic CoMo catalyst precursor contains highly dispersed molybdenum oxide

covered by a CoMoO4 layer. Upon exposure to CO, the molybdenum oxide is

partially converted into molybdenum carbide. Co is reduced by CO from the

CoMoO4 layer and the metallic Co migrates to the surface of catalyst, nucleating

into small catalytic nanoparticles. The molybdenum oxide/carbide stabilizes the Co

nanoparticles against aggregation in high-temperature sintering. Such Co nanopar-

ticles with uniform size can therefore grow SWNTs with narrow (n, m) distribution.

Kauppinen et al. developed a FeCu bimetallic catalyst that provides a

predominant growth of (6, 5) SWNTs with a CO CVD process at 600 �C
[134, 135]. The formation of Fe particles in the FeCu bimetallic catalyst can be

realized at 600 �C, which is lower than the reduction temperature of monometallic

Fe catalyst ([700 �C). The XPS characterizations show a higher binding energy of

Fe 2p3/2 in FeCu catalyst, suggesting that Cu plays an important role in the Fe

reduction process. They further observed the formation of catalyst nanocrystals and

the growth of SWNTs using in situ environmental transmission electron microscopy

(E-TEM) (Fig. 12b) [136]. They found that Fe only exists and is anchored on the

surface of the reduced Cu in the form of small particles. The Cu-stabilized Fe

nanoparticles then grow SWNTs with narrow chirality distribution.

Maruyama et al. studied bimetallic the CoCu catalysts supported on SiO2 film on

a scanning transmission electron microscope (STEM) by using energy-dispersive

X-ray spectroscopy (EDS) and high-angle annular dark field (HAADF) imaging

[137] (Fig. 12c). It was observed that Co catalysts were anchored on Cu

nanoparticles. Furthermore, the presence of SiO2 is also necessary because it can

stabilize Cu which has a low melting point. They conclude that in the CoCu

bimetallic catalyst system, Cu anchors the Co catalysts to inhabit the formation of

larger nanoparticles, protecting small Co particles from being overloaded by carbon

precursors and assisting the thorough reduction of Co nanoparticles. The threefold

effect of Cu makes the structure selective growth of high-quality SWNT forests with

a possible sub-nanometer-diameter.

The enrichment of (6, 5) SWNTs were also obtained with CoMn [92] and CoCr

[93] catalysts. In some other bimetallic catalysts, such as FeCo [138, 139], FeCr

[140], and FeMn [79], the preferential growth of (6, 5) and (7, 5) SWNTs were

observed. It seems there is a positive correlation between the temperature and the

tube diameter of enriched chirality. It was found that lower temperature benefits the

formation of (6, 5) tubes and higher temperature enhances the growth of (7, 5) tubes

[79, 141–143]. Similarly, it was observed in CoPt catalysts that the population of (6,
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5) SWNTs is the highest among all species in the product grown at 800 �C, but (7,
6) becomes dominant at 850 �C [142].

4.2 Supported Catalysts

He and Kauppinen et al. achieved the selective growth of (6, 5) SWNTs on partially

reduced Co–SiO2 catalyst at a low growth temperature of 600 �C (Fig. 13a) [144].

Co2SiO4 possibly forms on the surface of SiO2. They suggested that because of the

modest reduction temperature, the catalyst precursor Co2? is partially reduced to

metallic Co by CO and anchors on the surface by unreduced Co2? and Co? as the

Fig. 12 Characterization of bimetallic catalysts and SWNTs grown. a Photoluminescence emission
intensities under various excitation energies for the SWNTs grown from CoMo catalyst (Corresponding
figure is reproduced with permission [132], Copyright 2003, American Chemical Society). b Bright field
E-TEM image of a SWNT grown from Cu-supported metallic Fe nanoparticles (Corresponding figure is
reproduced with permission [136], Copyright 2012, American Chemical Society). c Elemental mapping
image by EDS showing Co nanoparticles are anchored by Cu in the bimetallic CoCu catalyst. EDS-STEM
mapping of Co and Cu overlapped on high-resolution HAADF-STEM (Corresponding figure is
reproduced with permission [137], Copyright 2015, Royal Society of Chemistry)
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anchoring sites, which constrain the mobility of the reduced metallic Co and thus

facilitate the formation of sub-nanometer nanoparticles. As-formed sub-nanometer

Co nanoparticles can then catalyze the growth of a small diameter of SWNTs with a

narrow chirality distribution.

They further realized the preferential growth of semiconducting SWNTs

(*90%) with an exceptionally large population of 53% (6, 5) tubes with Co–

MgO catalyst [145]. They carefully observed the structure of catalyst and the

growth of SWNTs in situ using a high-resolution E-TEM. The Co cations in the

CoxMg1-xO solid solution catalyst precursor were reduced in the solid phase by CO

and then quickly migrated to the surface and finally crystallized into metal

nanoparticles. The nanoparticles showed a narrow size distribution with a mean

value of 1.8 nm. Well defined (0 1 1) patterns for both fcc MgO (a = 0.422 nm)

and fcc Co (a = 0.354 nm) demonstrates unambiguously an epitaxial relationship

between Co nanoparticles and the MgO matrix as shown in Fig. 13b. Because the

mismatch in the lattice constants between the two materials is as large as*16%, the

Co nanocrystal is severely strained to match the lattice of the MgO matrix. The

misfit strain causes the deformation of the Co lattice and leads to the formation of

smaller Co nanoparticles to decrease the interface area between MgO and Co.

Therefore, SWNTs with small diameter and narrow chirality distribution were

produced.

Ago et al. used CoMo-based catalyst to grow aligned SWNTs on the A-plane,

R-plane, and C-plane sapphire substrates, respectively. The preferential growth of

near-zigzag (16, 2) tubes at 900 �C and (15, 1) tubes at 800 �C was observed on the

A-plane, while the preferential growth of near-armchair (9, 8) tubes at 750 �C on the

R-plane was observed. They suggested that the dissimilar atomic structures of the

A- and R-plane sapphire surfaces may induce differences in the particle

morphology, thereby affects the chirality distribution of the produced SWNTs

[146].

4.3 Preparing Catalysts via Intermediates with Uniform Size

With CoSO4 as the precursor of Co, Chen et al. developed a series of supported

monometallic Co catalyst, namely Co–TUD-1 [147] and Co–SiO2 [148–150], and

grew SWNTs with the enrichment of (9, 8) species. They proposed that the

formation of Co9S8 nanoparticles with a narrow size distribution is crucial in this

process [151]. Co9S8 nanoparticles, as an intermediary compound, is reduced to

metallic Co nanoparticles with uniform size and further grow (9, 8)-enriched

SWNTs (Fig. 14b). Photoluminescence results showed the chirality selectivity

toward (9, 8) nanotubes is 37.9% among semiconducting nanotubes.

4.4 Solid-State Catalysts

In the VSS process, the solid state catalyst nanoparticles keep their morphology

while the tubes are growing. This offers the opportunity to control the structure of

SWNTs by epitaxial growth from the solid state catalyst [152] with well-defined

structures [44].
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Fig. 13 Characterization of supported catalysts and grown SWNTs. a Schematic illustration of SWNT
growth on a partially reduced Co–SiO2 supported catalyst and contour plot of normalized
photoluminescence emission intensities under the various excitation energies for SWNTs with Co–
SiO2 catalyst (Corresponding figure is reproduced with permission [144], Copyright 2010, Royal Society
of Chemistry). b In situ E-TEM studies of the epitaxially formed Co nanoparticles in Co–MgO catalyst,
and a schematic representation of the Co–MgO lattice configurations. In situ HRTEM lattice images
showing carbon cap formation on epitaxial Co nanoparticles formed from the CoxMg1-xO solid solution
and chirality map measured from electron diffraction analysis (Corresponding figure is reproduced with
permission [145], Copyright 2013, Nature Publishing Group)
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Sankaran et al. observed shifts of chirality distributions of as-grown SWNTs by

tuning the composition of NixFe1-x nanoparticles. An enrichment of (8, 4) SWNTs

was observed when the composition of the catalyst was Ni0.27Fe0.73 (Fig. 15a)

[153]. Since Fe was incorporated into the Ni lattice, an expansion of the Ni fcc

phase was observed in X-ray diffraction (XRD) characterization. They believe that

these perturbations to the crystal structure affect the lattice match of the catalyst

with certain chiralities. They further investigated the mechanism by DFT

calculations based on the epitaxial nucleation model. They found that (8, 4) SWNT

is more stably bound to a surface that resembles a Ni0.27Fe0.73 catalyst [154]. The

stable bound of (8, 4) tube end on a plane of the catalyst might be the reason of

selective growth of (8, 4) tubes.

Zhang et al. also realized the selective growth of (8, 4) SWNTs. By using solid

Mo2C catalysts, a population of 46.6% (8, 4) SWNTs was obtained via a hydrogen-

free CVD synthesis under very short growth time and low carbon feeding conditions

Fig. 14 Schematic illustration of Co–SiO2 transformation under sulfidation and SWNT synthesis
(Corresponding figure is reproduced with permission [151], Copyright 2016, Royal Society of Chemistry)

Fig. 15 Characterization of solid-state catalysts and SWNTs grown. a TEM images of Ni0.27Fe0.73
particles and chirality distributions of SWNTs grown with compositionally tuned NixFe1-x nanocatalysts
measured by optical absorbance measurements (Corresponding figure is reproduced with permission
[153], Copyright 2009, Nature Publishing Group). b Raman spectra in the RBM region of the Mo2C
catalyzed SWNTs measured with 633 nm laser (Corresponding figure is reproduced with permission
[155], Copyright 2016, American Chemical Society)
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(Fig. 15b) [155]. Only small Mo nanoparticles are carbonized into stable Mo2C and

act as the catalyst. This might be one of the reasons that (8, 4) SWNTs with a small

diameter were produced.

The presence of catalyst support is often helpful for maintaining the solid state of

catalysts and may influence the morphology and structure of the particles. FePt

nanoparticles were fabricated on a single-crystal MgO substrate by sputtering

deposition. These FePt nanoparticles were partially (1 1 1)-facetted and the as-

grown tubes show higher content of metallic SWNTs [156]. Similar results were

obtained with FePtAu–MgO catalyst [157]. A pre-treatment of Co on SiO2/Si

substrate with NH3 brought about an obvious enrichment of (6, 5) SWNTs, which

may be caused by the change of facet distribution of the Fe catalyst nanoparticles

[42].

4.5 Intermetallic Compound Catalysts

Inspired by the high selectivity of enzyme-catalyzed reactions, Li et al. consider that

catalysts with lower crystalline symmetry and unique atomic arrangements are more

suitable for chirality-selective growth of SWNTs because such catalysts can offer

more specific structural recognition of SWNTs with different (n, m). Tungsten-

based intermetallic compounds were used as catalysts. The high melting point

originating from the presence of W, endows them the ability to maintain the crystal

structure during the CVD process, while satisfying catalytic activity for SWNT

growth is enabled by another component (Fe, Co, Ni, etc.). More importantly, such

intermetallic compounds have unique structures, which is crucial for ensuring high

selectivity of produced SWNTs. A heteropoly acid containing W and Co is used to

prepare intermetallic catalyst nanoparticles under moderate conditions. They

achieved highly preferential growth of (12, 6) SWNTs with an exceptionally large

population well above 92% (94.4% from micro-Raman spectra, 92.5% from

ultraviolet/visible/near-infrared [UV–Vis–NIR] absorption spectra, and 94.9% from

AFM-Raman combined method) with W6Co7 catalyst based on the epitaxial

nucleation [158] (Fig. 16b). Through in situ HRTEM measurements at 1100 �C,
W6Co7 nanoparticles clearly exhibited lattice fringes during the whole heating

process. HRTEM images of the SWNT-catalyst interfaces show that the (12, 6)

tubes are always perpendicular to the (0 0 12) plane of the W6Co7 catalyst. DFT

simulations revealed a perfect geometric match between the (12, 6) tube and (0 0

12) plane and a poor match for all of the other tubes examined. The above results

suggest that the lower structural symmetry and the inhomogeneity of different

planes in W6Co7 critically favor the specific structural matching between the

catalyst nanoparticles and SWNTs, thus resulting in chirality-selective SWNT

growth.

Similarly, as the DFT simulations showed that the (16, 0) SWNT exhibits a good

structural match to the (1 1 6) plane of the W6Co7 catalyst (Fig. 16a). Then the

dominant growth of zigzag (16, 0) tubes at a content of 79.2 ± 2.2% under the

optimized growth conditions was realized by using catalysts with higher abundance

of (1 1 6) planes [159] (Fig. 16c). They also achieved highly preferential growth of
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above 97% (14, 4) SWNTs, which exhibits a good structural match to the enriched

(1 0 10) plane of the W6Co7 catalyst prepared by H2/H2O [160].

Maruyama et al. used in-plane TEM to reveal morphology differences after

reducing CoW catalyst at different temperature. An intermediate structure of

Co6W6C is unambiguously identified and associated with the selective growth of

(12, 6) SWNTs at 50-70% [161].

Fig. 16 a Templated growth of a SWNT with specified (n, m) from W6Co7 intermetallic compound
catalyst (Corresponding figure is reproduced with permission [158, 159], Copyright 2015, Nature
Publishing Group and Copyright 2015, American Chemical Society). DFT simulations of (12, 6) tubes on
the W6Co7 (0 0 12) plane, and (16, 0) tubes on the W6Co7 (1 1 6) plane. b Characterizations of catalyst
structure with in situ HRTEM images of W6Co7 catalyst particles in vacuum, showing a clear (0 0 12)
plane. Raman spectra and UV–Vis-NIR absorption characterizations of SWNTs using W6Co7 catalyst
grown at 1030 �C, showing highly preferential growth of (12, 6) SWNTs (Corresponding figure is
reproduced with permission [158], Copyright 2014, Nature Publishing Group). c Characterizations of
catalyst structure with HRTEM images of W6Co7 catalyst particles prepared at 1050 �C, showing a clear
(1 1 6) plane. Raman spectra and electron beam diffraction characterizations of SWNTs using W6Co7
catalyst grown at 1050 �C with a higher flow rate of H2, showing highly preferential growth of (16, 0)
SWNTs (Corresponding figure is reproduced with permission [159], Copyright 2015, American Chemical
Society)
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4.6 Summary of Chirality-Specific Growth

Two factors, thermodynamic preference to tubes with lower formation energy, or

kinetic preference of tubes with higher growth speed, play competitive roles in

defining the distribution of SWNT chirality [50]. SWNTs with structural selectivity

produced with various metal catalysts were concluded in Fig. 17. Epitaxial growth

of SWNTs using intermetallic compound catalysts with well-defined structure may

be a key solution to the challenge of chirality-specific growth.

It is worthy to point out that the detection methods are also shown in Fig. 17.

This information is necessary for us reasonably to analyze and compare the results.

Indeed, many techniques, including electron diffraction, optical absorption, Raman

spectroscopy, Rayleigh scattering, and photoluminescence, have been used for

quantitative analysis of the SWNT abundance [162]. However, the applicability of

these methods to the tube samples should be taken into account. For instance,

photoluminescence can only be used for semiconducting SWNTs [163]. Raman

spectroscopy works for all types of SWNTs, although it suffers from the limitation

of resonance windows [164]. Nevertheless, this limitation can be largely overcome

by using multiple wavelengths and tunable lasers [165, 166]. Electron diffraction is

normally applied for suspended SWNTs [167]. Thus, it is possible to lose

information of the short tubes because it is difficult to put them across a gap for

detection. Optical absorption is applicable for SWNTs well-dispersed in solutions,

but hindered by the low resolution or weak differentiation between certain

chiralities [133]. A new optical absorption method was developed by Wang et al. to

realize the detection of individual tubes on substrates [168]. A new Rayleigh

scattering based method was also developed by Jiang et al., which can easily show

the structural uniformity of the tubes by the color of the tube images [169]. These

two methods are both applicable to SWNTs on substrates; however, the substrates

must be very clean and the SWNTs should be well aligned and sufficiently long.

From the above, the selection of suitable techniques is important for obtaining

Fig. 17 Reports on selective SWNT growth using metal catalysts

Top Curr Chem (Z) (2017) 375:29

123 50 Reprinted from the journal



reliable quantification of SWNTs. Normally, a combination of several techniques

[158, 170] is needed to acquire a reasonable result.

5 Effect of the CVD Conditions on the Selective Growth of SWNTs

Catalysts play a very important role in the controlled preparation of SWNTs.

However, the influence of growth conditions cannot be ignored. The change of

growth conditions will directly affect the carbon supply and the catalyst activity,

thus affect the growth of SWNTs. At present, there is no universal criteria guiding

researchers to get the best growth conditions, but people have accumulated a lot of

experience after years of research.

Many carbon-containing molecules can be used as carbon source to grow

SWNTs in CVD, such as alcohols [138], hydrocarbons [171, 172], and carbonic

oxide [132]. At present, the most commonly used carbon sources in CVD processes

are ethanol, carbon monoxide, methane, ethylene, and acetylene. The thermody-

namic stability of the carbon source is very different. The decomposition of methane

requires higher temperatures, while the pyrolysis of acetylene, ethylene, and ethanol

is easier since they decompose exothermally at atmospheric pressure [173]. The

main reaction path is disproportionation of CO into carbon and CO2, when there are

no other reactants (e.g. H2 [174]) in the system. As the reaction is highly

exothermic, the reaction equilibrium shifts toward the reverse reaction direction

when increasing the temperature. Obviously, this difference in decomposition of the

carbon source will directly affect the SWNT growth. On the other hand, the carbon

precursors not only present carbon, but also other elements such as hydrogen or

oxygen. When the carbon source is decomposed, many hydrogen- and oxygen-

containing by-products such as hydrogen and hydroxyl radicals will be produced.

These by-products may significantly affect the growth of carbon nanotubes

according to many studies on SWNT synthesis [175–180]. Therefore, the carbon

source is an important factor in the controlled growth of SWNTs [181, 182].

5.1 Effect of Carbon Precursor Species

Resasco et al. used CO and CH4 as the carbon sources to grow SWNTs and found

only CO resulted a narrow (n, m) distribution with a single dominating (6, 5)

chirality of 54% (Fig. 18a) [133]. As stated above, the disproportionation of CO is

exothermic, while the dehydrogenative decomposition of CH4 is endothermic.

Furthermore, the by-products of CH4 pyrolysis are reductive hydrogen-containing

species, while those from CO disproportionation are the oxidative oxygen-

containing species. The larger diameter and broader chirality distribution of CH4-

generated tubes may be attributed to the hydrogen produced by the CH4

decomposition. Hydrogen can accelerate the reduction and sintering of the catalysts,

meanwhile, it also decreases the surface fugacity of carbon atoms then hinders the

nucleation of carbon on the catalyst surface [183, 184]. Therefore, carbon nanotubes

with large-diameter and broader distribution are obtained.
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Chen et al. [185] used four types of carbon precursors including CO, C2H5OH,

CH3OH, and C2H2 to grow SWNTs with CoMo catalysts. The chirality distribution

of the SWNTs produced by CO was the narrowest and dominated by (7, 6), (7, 5),

and (8, 4) tubes, while C2H5OH and CH3OH produced more tubes with larger

diameters, namely (8, 6), (9, 5), and (8, 7), and the chirality distribution was also

much wider (Fig. 18b). C2H2 decomposes much faster than CO. The carbon feeding

rate to cobalt surface is also different, leading to different (n, m) selectivity. He et al.

found that SWNTs with narrow diameter distribution of 0.7–1.6 nm were produced

by using CO as the carbon source, while large diameter SWNTs ranging from 1.0 to

4.7 nm were produced by using CH4 as the carbon source [186].

In addition to the decomposition rate of carbon stocks, the decomposition

products also affect the selectivity in the growth of SWNTs [176, 179]. Liu et al.

selectively grew aligned semiconducting nanotubes by introducing methanol in the

growth process [175]. The selectivity was caused by the �OH radical produced from

methanol, which can selectively etch metallic SWNTs because of their smaller

ionization potential compared to semiconducting ones.

5.2 Effect of Carbon Feeding

In addition to the carbon source species, the carbon feeding rate (concentration of

carbon source) also directly affects the growth of the carbon nanotubes [187–190].

Liu’s group synthesized uniform small-diameter SWNTs at a low flow rate of ethane

[188]. The average diameter and the diameter distribution of SWNTs increased with

the increase of ethane concentration. The diameter of the SWNTs increased with the

increasing ethane feeding rates (Fig. 19b). Based on these results, a hypothesis on

conditioned activation was proposed. At a given carbon feeding condition, catalysts

have an optimal size to nucleate SWNTs. The greater degree of the catalyst’s diameter

deviation from the optimumsize, the less likely it can catalyze the growth of the carbon

nanotubes. Smaller nanoparticles are poisoned due to ‘‘overfeeding’’ and larger

Fig. 18 Effect of carbon species on chirality of SWNTs: a chirality maps of SWNT samples produced
from two different carbon precursors: CH4 and CO (Corresponding figure is reproduced with permission
[133], Copyright 2006, American Chemical Society). b Photoluminescence excitation intensity maps of
sodium dodecyl benzene sulfonate (SDBS)-dispersed SWNTs produced from four different carbon
precursors on CoMo catalysts (Corresponding figure is reproduced with permission [185], Copyright
2007, American Chemical Society)
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nanoparticles are inactive due to ‘‘underfeeding’’. Thus, it is necessary to adjust the

carbon source supply rate for the catalyst of given size.

The pressure of the carbon source also directly influences the supply of carbon,

which in turn affects the growth of the carbon nanotubes [191–194]. Chen et al.

selectively produced bulk SWNT samples with different dominant chiralities

enriched by adjusting the pressure of CO on CoMo catalysts from 2 to 18 bar

(Fig. 19c) [193]. The higher CO pressure may increase the concentration of the

active carbon interacting with Co clusters. Maruyama [195] and Resasco et al. [196]

had proposed that carbon caps are formed when carbon in the catalyst particles is

saturated. Under higher CO pressure, SWNT growth may be initiated faster and

produce thinner tubes, for example (6, 5) and (8, 3). Under lower CO pressure, it

should take a longer period for the catalyst nanoparticles to be saturated and form a

stable carbon cap. At this period, Co clusters may continuously aggregate due to

high-temperature sintering and grow larger to produce larger diameter SWNTs such

as (7, 6) and (9, 4). Maruyama group also systematically studied the optimum

ethanol pressure for vertically aligned single-walled carbon nanotubes at different

CVD temperatures and found that the optimized pressure increases with CVD

temperature [191]. SWNT arrays with diameters of 1.47 ± 0.39 and

1.76 ± 0.53 nm were obtained at 60 and 1300 Pa of ethanol pressure, respectively.

In addition, higher density of horizontally aligned SWNTs were achieved at lower

carbon pressure [194].

5.3 Effect of Growth Temperature

Obviously, growth temperature can influence the growth of SWNTs by changing

decomposition of the carbon source or the size of the catalysts

[89, 133, 134, 139, 141, 188, 197]. Pfefferle’s group synthesized SWNTs with

different diameter distributions through changing reaction temperatures [197]. The

diameter of SWNTs shifted systematically from 0.6–0.8 to 1.8–2.0 nm by

increasing the reaction temperature from 550 to 950 �C. They speculated that the

Fig. 19 Effect of source feeding on diameter and chirality of SWNTs: a under a given carbon feeding
rate, only particles with a moderate and suitable size can nucleate growth (Corresponding figure is
reproduced with permission [188], Copyright 2006, American Chemical Society). b Diameter
distributions of SWNTs grown at different ethane concentrations at 800 �C by AFM measurement:
red, 4200 ppm; green, 14,400 ppm (Corresponding figure is reproduced with permission [188], Copyright
2006, American Chemical Society). c Abundances of dominant (n, m) chiral tubes identified by
photoluminescence analysis systematically altered with changing CO pressure (Corresponding figure is
reproduced with permission [193], Copyright 2007, American Chemical Society)
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increase in the diameter of SWNTs was related to the change of the Co catalyst

diameters. At low temperature, the average particle diameter of the catalysts was

small because the catalyst migrated slowly and the degree of agglomeration was

low. Small size catalysts nucleated smaller diameter carbon nanotubes, while large

size catalysts sintered at high temperature and grew large diameter carbon

nanotubes. A similar phenomenon was found when they used bimetallic CoMn

supported on MCM-41 silica templates as catalysts (Fig. 20a) [198].

Fouquet [141] and Chen [89] also found a similar tendency with Co catalyst on

Si/SiO2 substrate. The dominating chirality of the SWNTs grown with CoMo–SiO2

catalysts changes with temperature and higher chiral enrichment was obtained at

lower temperature [133]. The SWNT distribution shifted from a dominant (6, 5) at

700–800 �C to (7, 6) and (8, 7) at 850 �C. Using FeCo [139] and FeCu [134] as the

catalysts, the chirality distribution was also changed at different growth temperature

(Fig. 20b). Zhang et al. found that when increasing the temperature in the carbon

nanotube growth process, the diameter of the carbon nanotubes becomes smaller,

and vice versa [199]. Temperature may affect the morphology and the interfacial

energy between the catalyst and the SWNT. By periodically changing the growth

temperatures, they realized the production of SWNTs with narrow distribution of

small chiral angles [200].

5.4 Effect of Additive Species

In addition to carbon source, other additive species may also be used to modulate

the growth of SWNTs by regulating the decomposition of carbon stocks [201–204],

adjusting the activity and surface property of catalysts [41, 204–207], and

selectively etching the more reactive tubes [189, 208–210].

Fig. 20 Effect of growth temperature on diameter and chirality of SWNTs: a Diameter distribution of
SWNTs synthesized at 600, 700, and 800 �C using CoMn–MCM-41 bimetallic catalyst (Corresponding
figure is reproduced with permission [198], Copyright 2010, American Chemical Society). b Normalized
photoluminescence emission intensities of SWNTs grown at temperatures of 600, 750, and 800 �C using
MgO supported FeCu catalyst (Corresponding figure is reproduced with permission [134], Copyright
2010, American Chemical Society)
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Sulfur has been widely used as an additive species in the growth of SWNTs. It is

believed that sulfur can act as the initiator of carbon nanotubes to increase the yield

[201]. Generally, sulfur as the growth promoter yielded SWNTs with larger

diameters by facilitating the localized nucleation of SWNTs. Cheng [203] and Liu

[202] respectively produced large diameter semiconducting SWNTs and metallic

SWNTs using sulfur as the growth promoter combined with the appropriate CVD

conditions. Chen et al. selectively grew large-diameter (9, 8) nanotubes with 51.7%

abundance among semiconducting tubes and 33.5% over all tube species [150].

Sulfur could limit the aggregation of Co atoms [148] to make the catalyst size

suitable for the chiral selectivity toward (9, 8) tubes. They proved the formation of

Co9S8 nanoparticles with narrow size distribution acting as the intermediates made

the final Co catalyst uniform [151].

In addition to sulfur, nitrogen is also used as an additive in the growth of SWNTs.

Maruyama et al. modulated the mean diameter of the vertically aligned SWNTs

from approximately 2–1 nm through adding 5 vol% acetonitrile to ethanol as the

carbon feedstock during the growth [41]. When the growth condition was near the

thermodynamic equilibrium, SWNT was nucleated through the tangential mode

[39]. When acetonitrile was introduced to the system, the decomposed nitrogen

atoms absorbed on the surface of the catalyst particles. Compared with carbon,

nitrogen interacts more strongly with the Co nanoparticles, thus the nitrogen on the

Co nanoparticle surface hinders the formation of the carbon sp2 network, and hence

the tangential growth mode can hardly be maintained. Therefore, the SWNTs grow

via the perpendicular growth mode and the diameter of SWNTs is much smaller

than the size of the catalysts. Through this method, the diameter of SWNTs can be

controlled independent of catalyst preparation [207].

However, the types of nitrogen-containing compounds will directly affect the

growth of carbon nanotubes [211, 212]. Kauppinen et al. produced (n, m)-selective

SWNTs with over 90% SWNTs having large chiral angles in the range of 20�–30�
and about 50% in the range of 27�–29� by introducing NH3 into the floating catalyst

CVD (FCCVD) process. The average diameter increased from 1.60 to 1.67 nm

rather than decreasing when NH3 increased from 0 to 500 ppm [212]. The

abundances of the three main chiralities (13, 12), (12, 11), and (13, 11) is 13, 8, and

8%, respectively. NH3, as a strong etchant, selectively etched off more reactive

SWNTs with smaller chiral angles [213] and smaller diameters [214], resulting in

selective growth.

There are still many other additives used as etchants to control the growth of

carbon nanotubes, for example, H2O [84, 189, 215], O2 [203, 216], CO2 [210], and

H2 [208, 209]. Many reports have shown that the selective elimination of SWNTs is

diameter-dependent (Fig. 21) [84, 175]. The smaller SWNTs are more active

because the larger strain associated with greater curvature [217]. At the same time,

metallic-SWNTs are preferentially etched and removed by oxidation of the etchant

due to their smaller ionization potential [218]. Liu [84] and Cheng [203] et al.

synthesized semiconducting SWNTs by controlling the diameter of the SWNTs and

introducing the etchant at the same time. Liu controlled the diameter of the SWNTs

by using uniform stable FeW nanoclusters as the catalyst precursors and improved

semiconducting selectivity by adding H2O etchant (Fig. 21). The introduction of the
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etchant will usually produce larger diameter semiconducting SWNTs. Kauppinen

et al. [210] found that the mean diameters of the SWNTs was efficiently altered

from 1.2 to 1.9 nm by the addition of appropriate amounts of CO2 to the carbon

source (CO) in FCCVD.

5.5 Effect of the Growth Environment

From above discussion, we know the specific structure of catalyst plays an

important role in the synthesis of single-chirality carbon nanotubes. Furthermore,

the growth environment also directly affects the chirality of the SWNTs. We found

that the selective growth of SWNTs with W6Co7 catalysts changed following the

CVD conditions [44, 159]. All of the W6Co7 catalysts were prepared at 1030 �C and

then different ratios of Ar-carried ethanol and hydrogen were used to grow SWNTs

at 1030 �C. Higher ethanol/H2 ratios resulted in better selectivity toward (12, 6)

tubes, and smaller ethanol/H2 ratios resulted in SWNTs of larger diameter (Fig. 22)

[44]. We also found that the selective growth of (16, 0) tubes can only achieved at

the high H2 concentration (Table 2) [159]. As discussed previously, hydrogen may

lower the carbon fugacity on the catalyst surface and consequently delay the

nucleation of caps. We propose that the higher H2 ratio in the feed gas suppresses

Fig. 21 Schematic illustration of the tube diameter-dependent and electronic-type-dependent etching
mechanisms (Corresponding figure is reproduced with permission [84], Copyright 2014, American
Chemical Society)

Fig. 22 Effect of the ethanol/H2 ratios on the chirality distribution of SWNTs. (a-c) Raman spectra
(excitation at 633 nm) of SWNT samples grown at 1030 �C under Ar fluxes of a 20, b 120, and
c 200 cm3 min-1 through the ethanol bubbler (ice-water bath). The H2 feed rate was fixed at
50 cm3 min-1 (Corresponding figure is reproduced with permission [44], Copyright 2016, American
Chemical Society)
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the growth kinetics of all types of tubes and the kinetically unfavorable growth of

zigzag tubes are effectively improved.

It can be seen the regulation of growth conditions is very important in the

controlled preparation of carbon nanotubes. Only under the suitable growth

conditions, the catalyst with controlled structure will be able to catalyze the

selective growth of SWNTs with designed chirality. However, the regulation of

growth conditions is very complex. There is no very effective way to guide us to

find the optimal conditions quickly yet. Therefore, more studies are needed for us to

eventually generalize some common rules.

6 Summary

It is obvious that the catalysts play a critical role in the selective growth of SWNTs.

We can control the diameter of SWNTs by controlling the catalyst size and the

SWNT chirality through further controlling the structure of the catalyst. However,

since the growth temperature is high, to constrain the size and structure of catalyst

particles is not easy. The catalysts need to have high melting points to maintain a

fixed structure and the structure of the catalyst should be unique to improve the

selectivity. Tungsten-based intermetallic compounds with unique atomic arrange-

ments and high melting points are the suitable candidates of catalysts for structure-

specified growth of SWNTs. Besides the catalysts, the CVD conditions are also very

important. The CVD conditions not only affect the nucleation and growth of the

SWNTs, but also affect the property of catalysts. Therefore, the highly chirality-

selective growth of SWNTs can be realized only by the cooperation of the structural

template effect of the catalyst and the optimized CVD conditions.
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Table 2 Statistics on the RBM

peaks and the corresponding (n,

m) for the sample grown at

1050 �C by introducing different

flow rates of H2 and constant Ar

flow

Corresponding table is

reproduced with permission

[159], Copyright 2015,

American Chemical Society

Each analysis was based on

more than 200 RBM peaks

collected with Raman 532, 633,

and 785 nm excitations

H2 flow (cm3� min-1)

120 70 30

(n, m) % (n, m) % (n, m) %

(16, 0) 39.5 (16, 0) 14.6 (16, 0) 0.9

(12, 6) 15.5 (12, 6) 27.1 (12, 6) 61.4

(11, 10) 9.7 (14, 4) 12.5 (12, 8) 5.2

(10, 6) 9.0 (12, 8) 7.8 (13, 6) 4.7

(13, 6) 7.2 (17, 6) 7.2 (14, 4) 3.9

(10, 5) 5.8 (13, 6) 6.2 (11, 8) 3.4

(14, 4) 3.2 (11, 10) 5.6

(12, 8) 3.0 (16, 8) 5.6
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Abstract The synthesis of SWNTs has achieved great success with the develop-

ment of synthetic methodologies. From the viewpoint of exploiting the exceptional

electrical properties of single-walled carbon nanotubes (SWNTs) in advanced

applications, one of the most difficult challenges is how to assemble the SWNTs

with high degrees of alignment and purity in electronic conducting (mainly semi-

conducting) behavior into functional nanodevices. Numerous approaches have been

developed to reach this goal, which could be divided into two categories. One is

direct preparation of SWNT arrays on the substrate, and the other is self-assembly

of pre-sorted SWNTs from solution. The former one obtains SWNT arrays via

chemical vapor deposition (CVD) growth, with the sorting realized by either

selective growth or post-growth treatment; the latter one assembles SWNT into

arrays from solution, with the sorting process occurring before the aligning process

in most cases. This review will highlight both in situ and post-synthetic approaches

for preparing samples of aligned arrays of SWNTs with well-defined electronic

properties—including the working mechanism for directional growth of SWNTs,

growth/sorting methods like catalyst engineering, cloning/cap engineering, in situ

etching, and ex situ selective removal/etching for surface-grown SWNT sample, and

assembling technologies from SWNT solution such as dielectrophoresis, adsorption
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on lithographically patterned and/or chemically functionalized substrates, Lang-

muir–Blodgett and Langmuir–Schaefer techniques, and evaporation-driven self-

assembly—and research efforts towards direct growth of arrays of complex SWNT

structures.

Keywords SWNT array � Semiconducting � Selective growth � Self-assembly

1 Introduction

The superb charge transport properties of single-walled carbon nanotubes (SWNTs)

make them excellent candidates for various applications in electronics, including

but not limited to radio frequency (RF) analog devices, flexible circuits, and

heterogeneous integration of such systems onto complementary oxide semiconduc-

tor (CMOS) chips [1–3]. The structure of SWNTs is typically discussed in terms of

graphene, where a SWNT can be made by rolling up graphene to form a seamless

cylinder [4]. Many properties of a SWNT, such as the electronic properties and

diameter, depend on the direction in which the graphene is rolled up to form the

nanotube [5]. Normally, approximately 67% of SWNTs are semiconducting (s-

SWNT) and 33% of SWNTs are metallic (m-SWNT) at room temperature [5].

However, to achieve uniform performance of electrical devices, SWNTs need to be

monodisperse in their electronic type. For example, an important consideration for

high-performance digital logic is the degree to which metallic nanotubes can be

eliminated [3]. The SWNTs are normally produced by exposing a carbonaceous

feedstock to a metal catalyst at high temperatures. The common means of

synthesizing SWNTs including arc discharge, laser ablation, and chemical vapor

deposition (CVD) produce SWNT samples that lack uniformity in their properties

[6]. Progress has been made in controlling the electronic properties of SWNTs both

during and after growth, aimed at producing identical populations of SWNTs [7, 8].

Although great efficiency for enriching surface-grown and bulk-phase semicon-

ducting nanotubes have both been demonstrated, currently sorting with the aid of

solution processing has been considered the more effective technique for better

reproducibility and higher throughput [9, 10]. Furthermore, compared with random

SWNT networks, large-scale and horizontally aligned SWNT arrays can effectively

preclude both the mis-oriented ones and tube–tube connections, with the demon-

strated ability to yield device performance approaching expectations based on the

intrinsic properties of pristine SWNTs [11, 12]. In order to get SWNT samples with

a high degree of alignment, researchers have invested substantial effort towards the

development of post-synthetic assembly schemes and direct growth methods on

crystal substrates. Another challenge facing carbon nanotube (CNT)-based

electronic devices is low CNT growth densities. For example, to maximize device

packing density and provide sufficient drive current (or power output) for each

CNFET, dense, aligned arrays of electronically pure nanotubes will be required in

practical integrated circuits (ICs) [13, 14]. In 2013, the IBM researchers stated that

in order to realize SWNT-based ICs applications, the close-packed SWNT arrays

should have C99.9999% s-SWNT purity with a density higher than 125 tubes/lm
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[3]. Typically, the precise placement of carbon nanotubes with desired morphology

and density on a substrate involves one of the following three techniques: direct

growth of SWNT array on a substrate, transfer of grown nanotubes onto a target

substrate via nanotube-captured solid mediate or solution dispersion, or self-

assembly of nanotubes on a device substrate during deposition.

To achieve widespread use of the resulting SWNT arrays in commercial

applications, beyond having the highest possible purity and array density, an ideal

preparation strategy should also be: (1) scalable (that is, it should be possible to

ramp up the process to produce more material to meet the anticipated increases in

demand); (2) universal (which yielding similar results between different systems

when the same procedure is used for a selective growth method, or compatible with

a wide range of as-synthesized SWNT samples with different SWNT lengths and

diameters for post-growth sorting method); (3) nondestructive (that is, the

remarkable properties of SWNTs should not be degraded during selective growth

or sorting); (4) free from additional contamination or unwanted structures like

bundles that affect the device performance in most applications. This review

highlights progress towards these goals with an emphasis on recent developments.

We will highlight both in situ and post-synthetic approaches for preparing

samples of aligned arrays of SWNTs with well-defined electronic properties.

Figure 1 shows an overview of the main content of this review. We will first present

the main working mechanisms for directional growth of SWNT arrays on surfaces

via CVD. The efforts on improving the tube density in the array and direct growth of

arrays of complex SWNT structures will be introduced as well. Then, the

preparation strategies will be covered and discussed by referring to two main

categories: one category covers in situ or ex situ sorting for CVD-grown aligned

arrays of SWNTs on substrates, with growth/sorting methods such like catalyst

engineering, cloning/cap engineering, in situ etching, and ex situ selective removal/

etching methods, as well as strategies for density improvement including particular

catalyst design, multiple-cycle growth and multiple transfer. The other is about

assembling separated SWNTs from solution into aligned arrays under directional

guidance such as an external electric field and a shear force, with specific

assembling technologies that include dielectrophoresis, adsorption on lithograph-

ically patterned and/or chemically functionalized substrates, Langmuir–Blodgett

and Langmuir–Schaefer techniques, and evaporation driven self-assembly.

2 Orientational Growth of SWNTs

To obtain horizontally aligned arrays of SWNTs with desired properties, many

different methods have been developed. Among various technologies, CVD growth

of SWNTs on substrates has attracted lots of research interest because it can offer

the levels of perfection in quality, lengths, arrangements, alignment, and linearity

required for most applications in electronics [27]. Additionally, the CVD growth

method is compatible with the standard fabrication procedure of silicon-based

devices [28, 29]. In this section, synthesis of SWNT arrays via CVD method will be

discussed beginning with an introduction to the alignment modes during the growth
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process. Based on the guiding force for nanotube alignment, current guided growth

methods can be classified into three categories: gas flow-directed growth [30],

surface-guided growth [17, 31], and external field-assisted growth [32]. Figure 2

gives an illustration on these guiding modes and their corresponding typical growth

results.

2.1 Gas Flow-Directed Growth

As shown in Fig. 2a, the gas flow-directed growth of nanotubes is realized through

lifting the catalyst nanoparticle away from the substrate surface and maintaining the

floating state of the nanoparticle and the attached nanotube. Thus, the aligned

orientation of CNTs is entirely controlled by gas flow [15]. Catalyst–substrate

Fig. 1 Recent developments in preparation strategies for horizontally aligned SWNT arrays. The
orientation controlled growth of SWNT arrays on substrate by different guiding modes, with
representative works shown in the figure: gas flow-directed mode (corresponding figure is reproduced
with permission [15], Copyright 2010, American Chemical Society), crystallographic lattice-guided mode
(corresponding figure is reproduced with permission [16], Copyright 2005, American Chemical Society),
atomic step-guided mode (corresponding figure is reproduced with permission [17], Copyright 2004,
Wiley–VCH), and external filed-directed mode (corresponding figure is reproduced with permission [18],
Copyright 2011, Elsevier), and methods for improving the array density (corresponding figure is
reproduced with permission, [19] Copyright 2015, Nature Publishing Group), are covered. Then both
in situ and ex situ soring technologies for the surface-grown SWNTs are also introduced, with
representative strategies described in following references: catalyst design (corresponding figure is
reproduced with permission [20], Copyright 2015, American Chemical Society), cap engineering
(corresponding figure is reproduced with permission [21], Copyright 2012, Nature Publishing Group),
selective etching (corresponding figure is reproduced with permission [22], Copyright 2014, American
Chemical Society) and selective removal (corresponding figure is reproduced with permission [23],
Copyright 2011, Wiley–VCH). Afterwards, arranging of SWNT into aligned arrays from pre-sorted
SWNT solution via self-assembly techniques are presented, with typical methods described in following
reference: dielectrophoresis (DEP) (corresponding figure is reproduced with permission [24], Copyright
2011, American Chemical Society), confined deposition (corresponding figure is reproduced with
permission, [25] Copyright 2016, Nature Publishing Group), and evaporation driven alignment
(corresponding figure is reproduced with permission [26], Copyright 2014, American Chemical Society)
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interaction and flow stability are the key factors to optimize both the lift-up process

and the floating process. For the lift-up stage, a sufficiently high temperature is

required because the interactions between catalyst/SWNT and the substrate can be

significantly weakened with increasing temperature, as proved in the ‘‘fast-heating’’

CVD method [33]. The temperature difference resulting from rapid heating causes a

convection flow, which can lift up some nanotubes with the catalyst. To realize the

purpose of decreasing the catalyst–substrate interaction, the catalyst system was also

specially designed. For example, silica nanoparticles were dispersed on the substrate

surface to hinder the catalyst–substrate interaction [34], and Cu was preferred as the

catalyst to promote the growth of aligned SWNTs because this metal possesses

weaker interactions with SiO2 than Fe does [35, 36]. Besides the fast heating, ultra-

low feeding speed of the gases is considered as another factor that is important for

guiding aligned ultra-long SWNT arrays [37]. The ultra-low gas speed helps

generate steady laminar flow, which allows the catalyst/SWNT to remain floating

above the substrate surface (Fig. 2a). The floating catalyst has substantially

improved lifetime and activity because it is free from the interaction with the

substrate. The synthesis of ultra-long SWNTs by the gas flow directed mode

(Fig. 2b) is believed to benefit from a superior growth rate [37]. In this way, Zhu

et al. reported the synthesis of a 4 cm-long individual SWNT at a rate of 11 lm/s in

2004 [38]. Although the gas flow-directed growth method produced ultra-long

SWNTs, bottlenecks still exist for requirements such as increasing the extremely

low tube density, and improvement of the alignment and linearity [34, 39].

Fig. 2 Orientation controlled growth of SWNTs with different guiding modes. a, b Gas flow-directed
growth mode and the SWNT arrays grown by ultra-low feeding gas (reproduced with permission, [37]
Copyright 2007, American Chemical Society). c, d Lattice-directed growth mode and the SWNT array
grown on sapphire substrate (reproduced with permission [16], Copyright 2005, American Chemical
Society). (e, f) Nano-step-guided growth mode and the obtained SWNTs (reproduced with permission
[41], Copyright 2005, American Chemical Society). g, h Electric field-directed growth mode and the
aligned SWNTs (reproduced with permission [32], Copyright 2005, AIP Publishing LLC)
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2.2 Surface Structure-Guided Growth

Surface guided growth of SWNTs by CVD on crystalline substrates such as sapphire

and quartz can produce arrays of SWNTs with nearly ideal arrangements. Both

theoretical and experimental studies of the alignment process of SWNTs have been

conducted to understand the underlying mechanisms in depth. Overall, the surface-

directed growth mode is essentially governed by anisotropic van der Waals

interactions between SWNT and substrate. Depending on the specific surface

structure that provide the guiding force, the SWNTs can form in epitaxy along a

lattice direction [16, 40], or in graphoepitaxy along faceted nanosteps [17, 41] and/

or etched trenches [42], which are defined as lattice-directed (Fig. 2c, d) and

nanostep-directed mode (Fig. 2e, f) respectively.

The first report on oriented growth of SWNTs by crystallographic lattices was on

Si (100) and (110) substrates [31]. Subsequently, this kind of substrate were

extended to sapphire (A- and R- plane of a-Al2O3), and mis-cut quartz (Y-, ST-, R-,

and Z-cut) for growing SWNT aligned in only one direction [29]. Additionally,

MgO, mica, and graphene have been explored to prepare other ordered structures

with special morphologies following the lattice directions [43, 44]. Theoretical

simulations with quartz as the substrate revealed the existence of an energetically

favorable direction, predicting that SWNTs would orient along molecular-scale

topological grooves that exist in that direction on the surface of the substrate [27].

On the other hand, by varying the miscut orientation and annealing conditions of the

sapphire substrate, it was observed that graphoepitaxy led to the formation of either

well-aligned straight SWNTs, or to wavy nanotubes loosely conforming to

sawtooth-shaped faceted nanosteps. Specific nanotube geometries were as shown

in Fig. 2f. [41]. Furthermore, a specially fabricated sapphire surface with numerous

faceted nano-steps was also proven able to regularly induce a particular orientation

and conformation of SWNTs. The SWNTs obtained completely reflected the atomic

features on the surface, such as crystalline facets, defects, and kinks [45].

It is noteworthy that clear competition between lattice-directed and nanostep-

directed modes presented during SWNT growth have been observed on both

sapphire and quartz substrates. Ago et al. found these two modes can cooperate to

build curved networks of SWNTs, on A-plane sapphire with a large mis-cut angle

[46], while Li et al. synthesized arrays of kinked SWNTs on ST-cut quartz by

utilizing the cooperation and competition between the two modes [47].

2.3 External Field-Directed Growth

Besides gas flow and surface nano-structure, external fields, such as the electric and

magnetic fields [32, 48], have also been introduced to align SWNTs during growth.

Electrical polarizability along a nanotube axis is much higher than that along its

radial direction, so that SWNTs tend to align parallel to an applied electric field. In

this way, a force can be applied to rotate and align the SWNTs, as shown in Fig. 2g,

h. Dai’s group first used electric fields (EF) to guide the growth of SWNTs and

found that the SWNTs could be well aligned even when the electric field was

perpendicular to gas flow [32]. Interestingly, Peng et al. discovered that when an EF
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was introduced during gas flow-guided growth of SWNT array, the proportion of

m-SWNTs was increased [18]. The nanotubes were polarized and the electric field

force helped lift them into the laminar flow. The greater polarizability of m-CNTs

compared to s-CNTs resulted in more m-CNTs lifted and an increased m- to s-CNT

ratio in the array. The peak percentage of m-CNTs could reach 80% under EF-

assisted CVD. This is the first time that the role of electric field was fully

investigated for in situ sorting of m-/s-SWNTs. Magnetic fields had already been

utilized to direct the growth orientation of SWNTs with the SWNTs aligned parallel

to the applied magnetic field [48].

Comparing these three exploited-growth modes, it is obvious that CVD growth of

large-scale, well-aligned SWNT arrays via surface-directed mode produced the best

results. On both quartz and sapphire, the levels of nanotube alignment can be

controlled to better than 0.01�, with linear shapes to within a few nanometers over

lengths of many micrometers, and average tube lengths reach hundreds of

micrometers (up to *millimeters) [16, 28, 49]. The highest density ever reported

was*160 SWNTs/lm [50]. Sorting strategies could be applied at any stage starting

from the nucleation of nanotubes, to early/whole growth stage and after growth.

2.4 Density Improvement Method

As has been mentioned, the outstanding performance of the CNT-based transistors

can be fully explored only with high-density integration of nanotubes, a high degree

of alignment, and the high-purity enrichment of s-SWNTs. SWNT arrays with high

density would afford a nanotube-based device higher current, more robust

performance, and thus guarantee smaller device-to-device variation, which repre-

sents ideal formats for integration. Great progress on preparing horizontally aligned

arrays of SWNT with high density has been made by using highly efficient catalyst,

multi-growth/transfer technique, and comprehensive optimization of the basic

growth parameters, as summarized in Fig. 3a. These research efforts are believed to

provide a desirable platform for the electronic-type controlled preparation of

SWNTs.

2.4.1 Trojan Catalyst Technique

The essence of growing high-density SWNT array is considered to be maintaining a

high density of active catalysts during growth, thus giving catalyst nanoparticles

more opportunity to nucleate SWNTs, and providing new catalysts during SWNT

growth. A clever method proposed by Hu et al. is continuously and gradually

releasing iron catalysts that have been pre-embedded in a sapphire substrate

(Fig. 3b) [19]. Horizontally aligned SWNT arrays with a density of 130 SWNTs/lm
were synthesized through the use of these so-called Trojan catalysts. Researchers

from the same group introduced Mo catalyst particles to help suppress agglomer-

ation of Fe nanoparticles in the Trojan catalyst [51]. Mo was reported as being able

to help suppress agglomeration of Fe nanoparticles on sapphire substrates, thus

improving the SWNT yield as well as reproducibility [52]. This design successfully
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expanded the growth area of SWNT arrays and increased the array density to as high

as 160 tubes/lm.

2.4.2 Multiple Growth/Transfer Technique

Multiple growth or transfer represents simple routes to improve the density of

SWNT arrays [22, 53–56]. Preparation of high-density aligned SWNTs has been

reported by a stacked multiple transfer method, which transferred nanotubes through

multiple sacrificial layers, as illustrated in Fig. 3c [55]. A linear increase in drain-

source currents of CNT-based FETs was realized by the linear increase of nanotube

density. The multiple growth approach relies on multiple, separate CVD growth

cycles on a single substrate. A typical multi-cycle growth process is shown in

Fig. 3d. In principle, this process can be extended to triple, quadruple, and quintuple

growths and beyond. However, most works have found that the percentage increase

in density diminished with multiple cycles [53]. As to the multiple transfer

techniques, they can, in principle, linearly increase CNT density on the target

substrate without limits. Nonetheless, the alignment of SWNTs gets harder to

maintain as the number of transfers increases [54]. One interesting example for

obtaining SWNT arrays based on the transfer method is that of transforming random

SWNT films grown on SiO2 substrates onto a receiving surface by sliding the

growth substrate during the transfer process [57].

Fig. 3 Preparation of high-density SWNT arrays on substrate surface. a Scheme on strategies for
increasing the nanotube density in the SWNT arrays by improving the growth efficiency or multiple
transfer technique; b Growth of ultra-high density SWNT array by using ‘‘Trojan catalyst’’ (reproduced
with permission [19], Copyright 2015, Nature Publishing Group). c Preparation of high-density aligned
SWNTs by stacked multiple transfer method (reproduced with permission [55], Copyright 2011,
American Chemical Society). d Multiple-cycle CVD method for synthesis of horizontally aligned arrays
of SWNTs with high density (reproduced with permission [56], Copyright 2011, American Chemical
Society)
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Other than the technology mentioned above, optimization of basic approach was

also tried and demonstrated effective in producing high-density SWNT arrays. The

effects of basic synthetic parameters such as metal catalyst and gas composition on

nanotube density have been systematically studied [58]. There are many reports on

comprehensively optimizing the basic growth conditions such as the catalyst

material, substrate annealing, and the catalyst patterning for density improvement of

the SWNT arrays [28, 59–61].

2.5 Growth of Arrays of Complex SWNT Structures

With SWNT arrays having perfect alignment representing the most promising

building block for future electronic devices, the preparation of arrays of SWNTs

with special morphologies such as bends, loops, kinks, intramolecular junctions, and

crossbars is believed to bring many new important properties for different functional

nanosystems [36, 62]. Compared with the special structures produced by post-

growth assembly methods, direct growth can retain the intrinsic properties of

nanotubes. Zhang’s group has reported preparation of intramolecular junctions,

which was realized by altering the diameter of a SWNT during its elongation by

changing the growth temperature rapidly (Fig. 4a) [62]. Serpentine/kinked SWNTs

have all been synthesized by combining the lattice-guided growth mode with other

forces, with remarkable device performance observed for serpentine nanotubes

[47, 63, 64]. Moreover, synthesis of SWNT serpentines with controlled length,

density, and number of parallel tube segments was realized by a controlled landing

process, as shown in Fig. 4b. The synthesis of cross bar structures has been realized

by several approaches, mainly involving combinations of guiding forces from the

gas flow, the lattice, and the electric field [36, 65, 66]. As illustrated in Fig. 4c and

4d, SWNT cross-bar with node density up to 107/cm2 were prepared by a ‘‘one-

batch’’ approach, which was based on a combination of gas flow-directed growth

mode and lattice-orientated growth mode [36]. During the CVD process, the

direction of gas flow and the direction of lattice of the substrate were perpendicular

to each other.

3 Selective Preparation of s-/m-SWNT Arrays

3.1 Catalyst Design

For the controlled growth of SWNTs in a CVD system, either the generally accepted

vapor–liquid–solid (VLS) mechanism [67, 68] or the newly developed vapor–solid–

solid (VSS) mechanism [69–71] points to the importance of engineering the catalyst

nanoparticle appropriately. Basically, the catalyst nanoparticles have two essential

functions during the formation of SWNTs, which are (1) catalyzing the decom-

position of carbon resource gases and (2) serving as centers for SWNT nucleation

and growth. Hence, composition, morphology and surface lattice of the catalyst

nanoparticles may all be tuned to affect the structure and growth efficiency of the

SWNTs that are grown. For example, the catalysts with the desired atomic
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arrangements in their crystal planes were successfully used as structural templates

for chirality-specific growth of SWNTs [72]. Yang et al. developed a new family of

catalysts, tungsten-based intermetallic compounds, to facilitate the growth of

SWNTs with designed chirality [73]. By the use of W6Co7 catalysts, (12, 6) SWNTs

were grown with purity higher than 92%, which is considered due to a good

structural match between the carbon atom arrangement around the nanotube

circumference and the metal atom arrangement of (0 0 12) planes in the catalyst.

Although more efforts are still needed, the production of structure-pure SWNT

arrays based on such a catalyst design is considered quite promising.

Generally speaking, the structure-controlled growth of SWNTs via catalyst

design is realized by two pathways: one is the structural match between SWNTs and

the catalysts makes the growth of SWNTs with specific structure thermodynam-

ically favorable, and the other is manipulation of growth kinetics for SWNTs to

suppress the growth of the unwanted SWNT species. As indicated in Fig. 5a, based

on the chemical composition of the catalyst, the catalyst used for controlled growth

of SWNT array is categorized into three kinds, which are monometal (mainly Fe),

Fig. 4 Growth of arrays of special SWNT structures. a Temperature-mediated growth of SWNT
intramolecular junctions (reproduced with permission [62], Copyright 2007, Nature Publishing Group).
b Crinkling SWNT into serpentines by a controlled landing process (reproduced with permission [64].
Copyright 2009, Wiley–VCH). c, d One-batch growth of SWNT cross-bar (reproduced with permission
[36]. Copyright 2009, American Chemical Society)
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bimetal, and nonmetal catalysts (metal oxide and metal carbide). Selective growth

methods corresponding to different catalysts would be discussed as follows.

3.1.1 Monometal Catalyst

Although precise control of catalyst structure may be the key issue for realizing

selective growth, the preparation of uniform catalyst nanoparticles is still a big

challenge. In addition, the catalyst nanoparticles tend to change their structure and

dispersion state at the synthesis temperatures. However, Harutyunyan et al. were

able to synthesize metallic-enriched SWNTs through manipulation of the

morphology and coarsening behavior of Fe catalyst particles in different inert

gases [74]. Although the relationship between catalyst structure and the electronic

properties of the resulting nanotubes still remains unclear, faceted iron particles

with sharp corners as shown in Fig. 5b, which are pre-annealed in He, are

considered to be responsible for the selective growth. Since etching effects are

mostly applicable for removing or hindering the growth of m-SWNTs, this method

is of great significance for yielding sample with the fraction of metallic nanotubes

being increased from one-third of the population to a maximum of 91% (Fig. 5c).

Intriguingly, through manipulation of SWNT–catalyst interfacial formation energy,

chirality controlled growth of SWNT has been proven in a new CVD process [75].

This specially designed growth system periodically changed temperature to vary

SWNT chirality multiple times during elongation to finally reach the energetically

preferred SWNT-catalyst interface. This method provided an innovative platform

for achieving enrichment of any SWNT with low SWNT–catalyst interfacial

Fig. 5 Catalyst design strategy for preferential growth of s-/m-SWNT arrays on substrate surface.
a Scheme on typical catalysts used for realizing growth of arrays of SWNT with specific electronic type.
b, c Growth of SWNT arrays with enriched m-SWNTs (reproduced with permission [74], Copyright
2009, the American Association for the Advancement of Science). d, e Preferential growth of s-SWNTs
by bimetal catalysts consisting of Ru or Pd metal (reproduced with permission [20], Copyright 2015,
American Chemical Society). f Selective growth of s-SWNTs by oxygen-deficient TiO2 nanoparticles
(reproduced with permission [50], Copyright 2015, American Chemical Society)
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formation energy, including those with specific electronic properties by careful

catalyst design and treatment.

3.1.2 Bimetal Catalyst

Other than the traditional catalytic metal such as Fe, Co, and Ni, more and more

metal, oxide and carbide have been demonstrated as effective at catalyzing growth

of SWNTs. Furthermore, the unique properties of the new catalytic materials enable

them to preferentially catalyze the growth of SWNTs with special structures. For

example, bimetal catalysts consisting of Ru or Pd have been proved capable of

preferentially growing s-SWNTs (Fig. 5d) [20]. Ru or Pd metal was supposed to

selectively scissor C–O and C–C bonds of ethanol molecules to produce absorbed

oxygen (Oads), which creates a feasible oxidative environment to eliminate the

m-SWNTs during growth. Since the counterpart metal in the corresponding

bimetallic metal such as Cu provided Cads for the growth of SWNTs, the ratio

between the two component metals needs to be tuned to balance the etching process

and the carbon accumulation process and thus realize the highest s-SWNT purity, as

shown in Fig. 5e. SWNT arrays on a ST-cut quartz surface with a s-SWNT ratio of

about 93% and a high density of 4–8 tubes/lm was obtained using Au/Pd (1:1)

catalyst.

3.1.3 Nonmetal Catalyst

There is an argument that during high temperature growth, the metal catalyst

particles are usually in a liquid or partial liquid state with fluctuating sizes and

structures, which makes it difficult to obtain SWNT arrays with a predefined and

precisely controlled structure. Therefore, catalysts remaining in a solid state during

the CVD process are favorable for structure control of SWNTs. TiO2 nanoparticles

were chosen because of their high melting point and good stability against strong

reduction under SWNT growth conditions [50]. More importantly, TiO2 nanopar-

ticles with a certain concentration of oxygen vacancies are theoretically predicted to

have a lower formation energy between s-SWNT than m-SWNT. The interface

between SWNT and TiO2 nanoparticle with oxygen vacancies is as depicted in

Fig. 5f. By varying the sintering atmosphere, the concentration of oxygen vacancies

in nano-sized TiO2 can be modulated to affect the SWNT–TiO2 interface properties,

to selectively grow s-SWNTs. In addition, with TiO2 nanoparticles remaining solid

and to reduce catalyst aggregation, and with no etching process for nanotubes

involved, the growth efficiency is significantly increased, dense SWNT arrays with

a density of *10 tubes/lm was obtained. Other semiconductor oxide nanoparticles

(i.e., ZnO, ZrO2, and Cr2O3) with an appropriate amount of oxygen vacancies have

also proved to be successful catalysts for the selective growth of s-SWNTs. There is

an urgent demand for s-SWNT arrays with specific diameters for the applications in

nanoelectronic devices. It is worth mentioning that solid Mo2C nanoparticles were

found able to selectively catalyzes the scission of C–O bonds of ethanol molecules,

and thus produce Oads to preferentially etch m-SWNTs [76]. Moreover, by

synthesizing Mo2C nanoparticles with monodisperse sizes on a substrate, the
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s-SWNT arrays obtained had very narrow diameter distribution (*85% between 1.0

and 1.3 nm), which is believed to benefit their application in nanoelectronic devices.

3.2 Cap Engineering

Epitaxial growth of SWNTs, the use of a well-defined template molecule or high

melting point metal nanoparticle to unambiguously dictate the diameter and

helicities of the resulting SWNTs, appears to be a promising strategy for controlling

the structure of SWNTs [77]. Using various nanocarbon segments as template is

also known as cloning synthesis [78]. However, compared to the cap structures

formed around the catalyst nanoparticles, which may remain liquid droplets and

alter their original sizes and structures during growth, the structure of the cap

formed at a nanotube-segment predetermines the chirality of the whole SWNT and

remains stable if the growth conditions are maintained. The nanotube segments that

have been used as template for the SWNT growth are summarized in Fig. 6a. In this

section we will mainly review the progress in nanotube-segment-mediated SWNT

synthesis and its efficiency for controlled growth.

Fig. 6 Cap engineering for controlled growth of SWNT arrays on substrate surface. a Summary on the
candidate materials that have been used for structure-controlled growth via cap engineering. b SWNT
growth using fragmented C60 as an initiating cap (reproduced with permission [79], Copyright 2010,
American Chemical Society). c Cloning growth via open-end growth mechanism (reproduced with
permission [78], Copyright 2009, American Chemical Society). d Synthesis of SWNT with controlled
chirality using VPE (reproduced with permission [21], Copyright 2012, Nature Publishing Group).
e Growth of s-SWNTs from end-cap molecules (reproduced with permission [84], Copyright 2015,
American Chemical Society)
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A meaningful advance was made by Yu et al. who used opened C60 molecules

with a desired size as the hemispherical caps to epitaxially control SWNT chirality

(Fig. 6b) [79]. The importance of the size and edge structure of C60 caps on the

structure of the grown nanotubes was emphasized and efficiently engineered by

tuning the thermal treatment conditions. The diameter distributions of the as-grown

SWNTs exhibited a step-like distribution, distinct from the SWNTs grown by

traditional metallic catalysts. This indicates the possibility of growing nanotubes

with specific diameters by treating the nano carbon segments in a controlled manner

to get seeds with different sizes and edge states. Ibrahim et al. performed systematic

investigations into the role of the dispersing media for C60 and oxygen-based groups

during the development of nanotubes, which is believed to significantly advance our

understanding of the growth mechanisms involved in all-carbon catalyst-free

growth of SWNTs [80].

Predesigned nanotube segments may act as better seeds for the synthesis of

SWNTs because SWNTs are expected to inherit chirality from the seed tubes. The

concept of SWNT ‘‘amplification’’ was first proposed by Smalley and coworkers in

2005 [81]. They docked metal catalyst nanoparticles to the open ends of SWNTs

and subsequently activated them to restart the SWNT growth epitaxially by

introducing carbon feedstock. However, two obstacles need to be solved before this

‘‘amplification’’ method can efficiently yield chirality-controlled SWNTs. First,

catalyst nanoparticles need to be attached to the open ends of nanotubes precisely,

which is challenging; second, growth of newly nucleated nanotubes from the metal

nanoparticles instead of the preexisting tube–particle interface should be sup-

pressed. The ‘‘cloning’’ growth method developed by Zhang and coworkers in 2009

showed that open-ended SWNTs could be duplicated without the help of metal

nanoparticles [78]. The experimental procedure for ‘‘cloning’’ growth is illustrated

in Fig. 6c. Specifically, the chirality of the parent SWNT segment was retained by

the elongated part, which was proved by the two parts giving identical Raman shifts.

Moreover, without the catalyzing effect from the metal catalyst nanoparticles, the

growth efficiency and rate were promoted by two means. One is introducing a C2H4

source to accelerate the decomposition of CH4; the other is using single-crystal

quartz as the substrate, which greatly improved the cloning yield from 9% on SiOx

to 40% on quartz.

Recently, the efficiency of such catalyst-free epitaxial growth was further

improved by Zhou and coworkers (Fig. 6d) [21]. The starting SWNT segments were

separated SWNTs with chirality purity of up to 90%. The vapor-phase epitaxy

(VPE) cloning mechanism is to incorporate certain pyrolysis products into a

graphitic carbon structure defined by the purified SWNT seed via Diels–Alder

cycloaddition. The Diels–Alder reaction requires the presence of armchair sites on

the SWNT edge, which consequently results in a chirality-dependent growth rate.

The near-armchair (6, 5) nanotubes were found to grow noticeably faster than the

near-zigzag (9, 1) nanotubes. Surprisingly, the conclusion of chirality-dependent

SWNT growth rate for VPE agrees well with model proposed by Ding et al. for

metal-catalyzed SWNT growth [82]. Another work by the same group discovered

that the growth rates of nanotubes increased with their chiral angles while the active

lifetimes of the growth showed the opposite trend [83]. For the first time, these
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results correlated the cloning growth behaviors with the atomic arrangements of

nanotube, providing new insight into the cloning growth of SWNTs.

Recent work by Zhou’s group combines bottom-up organic chemistry synthesis

with vapor phase epitaxy elongation to grow exclusively s-SWNT arrays [84]. This

work shared the similar innovative constructing concept with the pioneer work to

selectively synthesize (6, 6) SWNT on Pt (111) surface [85]. C50H10, an organic

molecule with the hemispherical structure as shown in Fig. 6e, was used as the

nanotube-end-cap molecule to initiate growth of the SWNT. The key to their

success is the utilization of the strong correlation between the electronic properties

of SWNTs and their diameters. Both theoretical and experimental studies revealed

that metallic and semiconducting nanotubes have different stabilities, with the

former ones generally less stable than semiconducting ones. By pretreating the seed

molecules, it was guaranteed that most SWNTs grow from individual molecules or

very small aggregates and thus have small diameter. The narrow diameter

distribution is supposed to further help confine the electronic properties of the

nanotubes. A chirality-changed growth model was proposed based on the theoretical

calculation, and was believed to be one of the important origins for the selective

growth.

Overall, the use of SWNT segments offers a straightforward pathway to directly

obtain SWNTs with specific chirality. However, the improvement of the activity of

nanocarbon seeds, which determines the growth rate and yield of SWNTs, is still a

great challenge. An essential factor for an efficient cloning process is the annealing

process in an oxidative atmosphere (air, water vapor, and oxygen plasma). The

oxidation and subsequent hydrogen or water treatment are speculated to alter the

functional groups on nanotube ends and expose more reactive hydrogen-terminated

sp2 carbon edges for growth. The thermal stability of the nanocarbon seeds and

precision of the structure control will all be affected, potentially reducing the

improvement efficiency. Another problem is the lack of a clear growth mechanism;

this problem could be satisfactorily solved with in situ observation. Solutions to

these limitations are still needed to pave the way to large-scale production of

structure-controlled SWNTs via cloning growth.

3.3 In Situ Etching Method

Differences in the chemical reactivity and electronic properties of s-SWNTs and

m-SWNTs are usually utilized to etch/remove away the kind of nanotubes that

react/respond more strongly to the introduced reagents or applied field. Owing to the

small energy band gap near the Fermi level in the density of states of s-SWNTs,

m-SWNTs are more reactive than s-SWNTs when their diameters are similar [86].

Based on the environment in which the reaction occurs, the separation methods will

be discussed from two aspects, in situ etching and ex situ etching/removing. For the

in situ growth separation of s-/m- SWNTs, two approaches have been proposed,

which are etching via weak oxidation and perturbation via an external field. As

shown in Fig. 7a, a weak oxidation function could be offered either by using special

carbon resource molecules or by the introduction of reagents with proper oxidative
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activity, and applying an external field was demonstrated effective to produce

reactive reagents such as radicals.

The production of a weakly oxidative atmosphere in the CVD system by adding

special carbon resource during the growth of SWNTs has proven an efficient way to

selectively synthesize s-SWNTs. In 2009, Ding et al. reported the preferential

growth of s-SWNTs arrays on a quartz substrate using ethanol/methanol as the

carbon feeds (Fig. 7b, c) [87]. The introduction of methanol is the key factor for the

selective growth of s-SWNTs. It was proposed that the OH radical from methanol

accounts for the selective etching of m-SWNTs because they have smaller

ionization potential as compared to s-SWNTs with the same diameter. The growth

selectivity could also be attributed to using ST-cut quartz as the substrate. Although

not deeply discussed, the influence of the interaction between the catalyst/nanotube

and the substrate is certainly of paramount importance.

Fig. 7 In situ etching strategy for controlled growth of SWNT arrays on a substrate surface. a Scheme of
selective growth methods based on in situ etching of m-SWNTs by etchant introduced in different ways.
b, c Preferential growth of s-SWNTs arrays on quartz substrate using ethanol/methanol as the carbon
feeds (reproduced with permission [87], Copyright 2009, American Chemical Society). d, e Selective
growth of high-density s-SWNT array by ethanol/methane CVD (reproduced with permission [88],
Copyright 2016, American Chemical Society). f, g Growth of nanotube arrays with enriched s-SWNTs by
using IPA as carbon feed stock (reproduced with permission [89], Copyright 2012, American Chemical
Society). h, i UV irradiation-assisted CVD growth of s-SWNT array (reproduced with permission [91],
Copyright 2009, American Chemical Society)
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A similar in situ etching approach was reported in recent work, using an ethanol–

methane mixture carbon resource and Trojan-Mo catalyst to grow high-density

s-SWNT arrays on a sapphire substrate (Fig. 7d, e) [88]. As schemed in Fig. 7d, in

this approach, active H radicals provided by the incomplete pyrolysis of methane

was suggested as the agents to inhibit growth of m-SWNT. These moderate and

appropriate H radicals create a suitable etching environment for in situ inhibition of

m-SWNT growth. The key role of the substrate was also emphasized in this work by

suggesting that the selectivity originates from methane adsorbed and dissociated on

the catalytic sapphire surface to generate H radicals. Meanwhile, due to milder

reactivity and proper amount of H radicals, the density of the arrays had no obvious

decrease.

By directly using special carbon feed stock such as isopropyl alcohol (IPA), a

semiconducting nanotube purity of above 90% was achieved by Zhou’s group [89].

The underlying chemical mechanism for the predominant growth was discussed

based on mass spectrometric analysis. The presence of the right amount of water in

the IPA CVD environment was shown to cause preferential growth of semicon-

ducting SWNTs. The effective in situ enrichment of s-SWNTs was confirmed by the

electronic property measurement (Fig. 7f, g). Previous work regarding the effect of

water species on SWNT growth supported the same conclusion that m-SWNTs were

preferentially etched by water vapor under certain conditions [90]. The work also

showed that in addition to a suitable water vapor concentration, a low carbon

feeding rate benefits the high selectivity of s-SWNTs over m-SWNTs.

UV irradiation has been tentatively introduced to assist the direct CVD growth of

s-SWNTs (Fig. 7h, i) [91]. The wavelength of the UV light used ranged from 200 to

400 nm, which was effective in promoting the decomposition of reaction gases,

leading to a concentration increase in oxidative chemicals such as free radicals. As

shown in Fig. 7h, a specially manufactured furnace with a hole in the top of the

furnace cover was used to allow light to irradiate the substrate. It was assumed that

the selective etching of m-SWNTs under UV irradiation occurred at the stage of cap

formation, so that the surviving s-SWNT arrays had chance to grow long and to

maintain intrinsic structures. The irradiation time and light intensity are critical to

the density of SWNTs. A shorter irradiation time was found to yield denser SWNT

arrays.

The introduction of a weak oxidative gas during the process of growing SWNTs

might be one of the most efficient methods to preferentially grow s-SWNTs.

However, since the selectivity is based on removing the metallic nanotubes, this

kind of method needs to compromise between a high density and semiconducting

selectivity of SWNT arrays. The complexity of the CVD system including high

temperature and coexistence of multiple reactive gases all challenge the efficiency

and reproducibility of the etching reaction. Moreover, the compatibility between

this technology and a normal CVD system should also be considered before the

corresponding methods can be applied for large-scale selective production.
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3.4 Ex Situ Removal/Etching Method

Although separating m-/s-SWNTs in the growth process is attractive for optimally

maintaining the pristine properties, post-growth separation of SWNTs grown on the

substrates has still attracted considerable research interest because it is easier to

realize and more compatible with current semiconductor industry technology.

Moreover, the knowledge and insight obtained from studying post-growth

separation methods hold great significance for potentially transferring the technol-

ogy into the CVD environment. The discussion in this section will focus on post-

growth selective preparation of surface grown m-/s- SWNT arrays via selective

etching or removal.

As illustrated in Fig. 8a, the methods can be mainly divided into two classes

according to the principle of the separating process, depending on whether the

dominant driving force is selective reaction or selective wrapping. The first one is

selective etching. As is known, the conductivity of m-SWNTs is greater than

s-SWNTs, so m-SWNTs produce more Joule heat resulting from large currents than

s-SWNTs. Making use of this mechanism, Jin and coworkers selectively exposed

m-SWNTs to reactive ion etching while keeping the s-SWNTs coated with a solid

polymer layer [92]. The Joule heating induces thermal gradients that drive flow of

thermocapillary resist away from the m-SWNT, leading to exposure and final

removal of m-SWNTs (Fig. 8b). The electrical voltage was applied through

removable electrode structures, producing arrays comprising only s-SWNTs. Later,

the same group used a more convenient technology, microwave radiation, to

selectively heat the m-SWNTs and initiate the thermocapillary flows [93]. As a

noninvasive heating technique, microstrip dipole antennas of low work-function

metals selectively couple microwaves to transfer the radiation energy into heating

Fig. 8 Ex situ selective removal/etching strategy for controlled preparation of SWNT arrays on a
substrate surface. a Scheme of preparation methods for s-SWNT arrays based on either selective etching
or removal of m-SWNTs. b Utilization of nanoscale thermocapillary flows to create arrays of purely
s-SWNTs (reproduced with permission [92], Copyright 2013, Nature Publishing Group). c Separation of
m- and s-SWNT arrays by ‘‘Scotch Tape’’ (reproduced with permission [23], Copyright 2011, Wiley–
VCH). d Separation of m-/s-SWNT arrays by washing off m-SWNTs using SDS aqueous solution
(reproduced with permission [98], Copyright 2013, Wiley–VCH)
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only the m-SWNTs. Although these two methods offer exceptional levels of

efficiency, the procedures are cumbersome and require multiple processing steps. A

simple, robust alternative that uses infrared laser irradiation to selectively heat the

m-SWNTs was developed shortly afterwards [94]. The effectiveness of this simple

thermocapillary flow induced purification process has been proven by complete and

selective removal of m-SWNTs from arrays of SWNTs, including examples with

very high density of SWNTs. One of the potential drawbacks could arise from

formation of trenches around the m-SWNTs, which would probably affect the

adjacent s-SWNTs or even destroy them.

Early work on the selective etching of m-SWNTs employed reactive gas phase

plasma, providing high s-SWNT purity but a relatively low nanotube density [95].

UV light irradiation has also been tried as a means of separating m/s-SWNTs. In

2008, Zhang’s group reported that long-arc xenon-lamp irradiation can be used to

prepare densely packed, well-aligned individual s-SWNTs with the percentage

estimated to be around 95% [96]. Selective etching of m-SWNTs was attributed to

the decomposition of reaction gases under the UV light, which produced oxidative

chemicals such as free radicals. In situ light treatment of FETs was performed to

track the destructive process. It was shown that the off-state current dramatically

decreased after 15 min of irradiation and the on/off ratio exceeded 2000, indicating

the selective removal of m-SWNTs. Post-growth water vapor treatment was tried by

the same group to prepare s-SWNT arrays [97]. They found that the oxidation

temperature and the concentration of water vapor have a clear effect on the

selectivity of etching of m-SWNTs. The influence of reaction temperature on the

electronic structures of SWNTs and thus the etching reaction of SWNTs with water

is discussed in detail. It was pointed out that relatively lower temperature is better

for retaining the difference in reactive activities of s- and m-SWNTs, as well as a

moderate oxidative potential of water, which were essential for effective sorting in

the corresponding system.

The second kind of method is based on non-covalent selective interaction

between SWNTs and other molecules. In 2011, Zhang’s group designed a smart

Scotch tape mechanism to extract s-SWNTs or m-SWNTs from the array mixture

(Fig. 8c) [23]. They prepared soft polydimethylsiloxane (PDMS) thin films treated

with phenyl functional terminal group and amino functional terminal groups for

selective adsorption of m-SWNTs and s-SWNTs on the polymer surface,

respectively. The PDMS-based ‘‘Scotch tapes’’ were applied to SWNT samples

and then peeled off, selectively removing either s- or m-SWNTs and to leave their

counterparts on the substrate. Furthermore, the researchers proposed another

strategy to separate m-/s-SWNT arrays on ST-cut quartz surface by washing off

m-SWNTs using sodium dodecyl sulfate (SDS) aqueous solution [98]. Washing

means immersing the as-grown SWNT arrays on quartz into SDS aqueous solutions

and then applying sonication. As seen from Fig. 8d, most SDS molecules prefer to

adsorb onto the circumference of the m-SWNTs, which dramatically weakened their

interaction with the substrate surface and made them easier to remove from the

substrate surface (detergent action). The s-SWNT arrays remained on the substrate

with their original aligned configurations.
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Selective etching or wrapping that favors one kind of SWNTs have both proven

effective for preparation of predominant s- or m-SWNT arrays. However, since this

strategy produced arrays with the density strongly dependent on that of the starting

materials, the development of this strategy relies on a high density being provided

by the growth technology.

4 Self-Assembly from SWNT Solution

Among post-synthetic methods that have been developed to sort SWNTs by their

electronic structure, the separation strategies performed in solutions/dispersions

have produced samples with the best reproducibility and yield. While these

approaches have achieved high purity of s-SWNTs, precise positioning, and ordered

arrangements are urgently required for application of s-SWNTs in real devices.

Surface chemical modification of the substrate was demonstrated to provide

additional levels of control [91]. Electric fields, applied in an alternating current

mode during solution deposition, can also yield alignment due to dielectrophoretic

interaction [99]. In this review, dielectrophoresis, selective adsorption on patterned

surface, and evaporation-driven assembly will be discussed. Methods such as

Langmuir–Blodgett assembly will also be discussed.

4.1 Dielectrophoresis (DEP)

The earliest report on using alternating current dielectrophoresis to separate metallic

from semiconducting SWNTs from suspension was in 2003 [99]. The method takes

advantage of the difference of the relative dielectric constants of the two kinds of

SWNTs with respect to the solvent, resulting in totally different movement of m-

and s-SWNTs, with the former ones attracted toward a microelectrode array, and the

latter ones left in the solvent. DEP technology utilizes an inhomogeneous electric

field, typically formed between a pair of planar microelectrodes, to manipulate the

placement of SWNTs via interaction with their induced dipole moment. The classic

experimental setup for DEP technique is as that shown in Fig. 9a, c. It is important

to note that DEP promotes the deposition of longer nanotubes in mixtures of

different tube lengths, which is favorable for optimal device performance.

Later, this ac-DEP technique was extended for controlled deposition of SWNTs

onto multiple submicrometer electrode pairs [100]. The capacitive coupling

between the substrate and the electrodes was believed to limit the number of

deposited tubes per contact. Using a novel aspect of nanotube DEP, the aligning

process was scaled up by the same group [101]. By following an alternate and more

universal mechanism that involves redistribution of the electric field around the

deposited nanotube in the electrode gap, the researchers demonstrated the directed

and precise assembly of single-nanotube devices with an integration density of

several million devices per square centimeter (Fig. 9b, c). Through optimizing the

frequency and trapping time of the DEP process, combined with nanotube

concentration tuning in the solution, the linear density of the SWNT between
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prefabricated electrodes was increased from 0.5 SWNT/lm to more than 30 SWNT/

lm [102].

In 2014, Cao et al. developed a method that utilized the alternating voltage-

fringing electric field formed between surface microelectrodes and the substrate to

assemble semiconducting nanotubes into highly aligned arrays with ultrahigh

density of *50 nanotubes per lm [103]. As illustrated in Fig. 9d–f, the fringing-

field DEP aligned nanotubes into well-ordered arrays with a high degree of linearity,

because its field-focusing effect led to very strong electro-orientation torque.

Teslaphoresis, in which the directed motion and self-assembly of SWNTs by a Tesla

coil, was introduced in a recent paper [104]. Compared with the conventional DEP

technique, Teslaphoresis can create a gradient high-voltage force-field that projects

into free space, making SWNTs self-assemble into wires that span from the

nanoscale to the macroscale.

4.2 Surface Modification-Assisted Adsorption

The earliest representative technology of aligning separated SWNTs on a

functionalized substrate was the one developed by Bao’s group in 2008 [105].

They took SWNT solutions and spin-coated them onto SiOx/Si surface modified

with either amine- or phenyl-terminated silane monolayers, aiming at selectively

adsorbing s-SWNTs and m-SWNTs, respectively. The advantage of this technology

is that simultaneous control of density and alignment occur in one step during

device fabrication. As is widely known, combining excellent selectivity with

nanotube alignment at a high density is critical to enable the formation of single-

nanotube devices. During the deposition process, the surface modification-assisted

adsorption provides guidance for the nanotube alignment through selective

Fig. 9 Assembly of SWNT arrays by the DEP method. a–c Ultra-high-density alignment of SWNT
arrays by DEP (reproduced with permission [102], Copyright 2011, American Chemical Society). d–
f Fringing-field dielectrophoretic assembly of ultra-high-density s-SWNT arrays with a self-limited pitch
(reproduced with permission [103], Copyright 2014, Nature Publishing Group)
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chemical/physical interaction and/or physical space confinement. Important pro-

gress was made by Park et al. in 2012 by placing individual SWNTs with a density

of 1 9 109 cm-2 [106]. A new ion-exchange surface chemistry between the

wrapping surfactant molecule and the decorated surface of the HfO2 trenches

ensures accurate positioning, as illustrated by Fig. 10a, b. Additionally, this work

improved the alignment of nanotubes by reducing the trench width down to 70 nm.

Dai’s group found that s-SWNTs dispersed in sodium cholate (SC) and SDS

solutions could self-assemble into closely packed flat rafts, which was driven by

depletion attraction during water evaporation on a 3-aminopropyltriethoxysilane

(APTES)-modified SiO2/Si substrate [107]. Further improvement was made later by

combining top-down and bottom-up approaches [108]. Specifically, defined patterns

of narrow pitch provided space confinement for the self-assembly of well-aligned

raft-like structures. In such a way, densely packed SWNTs deposited into predefined

polymer patterns were obtained. Recently, large ([cm2) monodomain films of

aligned single-walled carbon nanotubes could be prepared using slow vacuum

filtration through filter membrane with 100-nm pore size (Fig. 10c) [25]. The

formation of CNT alignment in a confined narrow layer region near the surface of

the filter membrane was due to a potential well created by competition of the

electrostatic repulsion force and an attraction force from the membrane surface.

Other exciting progress is the placement of individual SWNT segments at

predetermined locations with nanometer accuracy (Fig. 11) [109]. DNA-wrapped

SWNT segments with uniform electronic properties were assembled onto

lithographically patterned lines on a surface. Individual nanotube control was

achieved with spacing as close as 100 nm. Such high-resolution placement is

believed to benefit from the confinement effect of the physical space.

S-SWNT arrays have also been obtained by binding end-functionalized SWNT

segments to lithographically defined nanoscale anchors [110]. However, the density

of the array needs to be improved for the practical application of such a method. He

et al. reported recently that wafer-scale monodomain films of aligned s-SWNTs can

be prepared using slow vacuum filtration through a modified filtration film [25].

Although the film contained SWNTs with high density and good alignment, the

Fig. 10 Assembly of SWNT arrays by adsorption on lithographically patterned and/or chemically
functionalized substrates. a, b High-density integration of s-SWNTs via chemical self-assembly through
ion-exchange chemistry (reproduced with permission [106], Copyright 2012, Nature Publishing Group).
c Wafer-scale monodomain films of spontaneously aligned s-SWNTs prepared by slow vacuum filtration
(reproduced with permission [25], Copyright 2016, Nature Publishing Group)
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thickness of the film was too thick to find more extensive applications, especially in

the nanodevice field.

4.3 Langmuir–Blodgett and Langmuir–Schaefer Techniques

The best assembling results obtained by Langmuir–Blodgett analogue techniques

were reported by Cao et al. [111]. The Langmuir–Schaefer-based method used a

1,2-dichloroethane (DCE) solution of s-SWNTs to disperse them on the water sub-

phase, with the nanotubes spreading out to cover the whole surface as a result of the

surface tension. Evaporation of the volatile organic solvent left the nanotubes to

float on the two-dimensional air–water interface, forming an isotropic phase. Mobile

barrier bars were used to apply a uniaxial compressive force that assembled the

nanotubes into well-ordered arrays, which could then be horizontally transferred

onto the receiving substrate. This Langmuir–Schaefer method produced films with

better alignment and higher yield than the Langmuir–Blodgett method that uses

vertical transfer technique [112], because of reduced disturbance to the rigid

nanotube Langmuir film on water. The highly pure s-SWNT arrays could fully cover

a surface with a nanotube density of more than 500 tubes/lm. Nonetheless,

performance of FET devices made from the aligned nanotubes was far from

satisfying, which was believed to be hindered mainly by the bundling between the

too closely packed nanotubes.

4.4 Evaporation-Driven Self-Assembly

As a simple approach, evaporation-driven self-assembly (EDSA) has been shown to

be an effective and scalable technique to create thin films of aligned SWNTs within

SWNT stripes. EDSA employs the well-known ‘‘coffee ring phenomenon’’, where

particles suspended in a droplet tend to aggregate at the edges of the drop, forming a

ring-like structure [113]. The working mechanism of ESDA is as shown in Fig. 12a.

When a target substrate is immersed vertically in the SWNT solution, a thin

Fig. 11 Directed assembly of SWNT FETs with nanometer accuracy through elaborate design of surface
modification (reproduced with permission [109], Copyright 2016, American Chemical Society)
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meniscus forms at the solid–liquid–vapor interface (contact line). When the solvent

evaporates, the aligned nanotubes in the liquid are brought by convective transport

to the contact line and deposit on the substrate. A frictional force, F, together with

the liquid surface tension, cL, pins the contact line. As evaporation proceeds, the

buildup of the capillary force, cC, eventually leads to depinning of the contact line.

The contact line thus jumps to a new position where it is subsequently pinned again

by the deposition of a new row. The resulting repeated stick–slip motion of the

liquid forms the super lattice of CNT strips (Fig. 12b). Aligned geometries could be

created through modulation of forces at the solid–liquid–air interface [114, 115].

Specifically, the width and spacing of the resulting SWNT stripes depend on the

pinning probability, which in turn depends on the concentrations of SWNTs and

surfactant in aqueous solution. Besides the evaporation of aqueous SWNT solution,

diffusion of organic solvent on the water–air interface was shown to be able to

deposit aligned s-SWNT on a partially submerged hydrophobic substrate [26].

EDSA contrasts with Langmuir–Blodgett analogue techniques [26, 116] in that the

deposition is primarily driven by aligned self-assembly under evaporation rather

than withdrawing the substrate at a certain velocity.

5 Conclusions

Recent years have seen great progress toward the ultimate goal of feasible

production of SWNTs with high density and uniform electronic properties. If one

compares the products of direct preparation methods to form SWNT arrays on a

substrate with self-assembly methods of using pre-sorted SWNTs from solution, no

definitive winning method has been demonstrated by either approach. Furthermore,

the quality of SWNT products from solution-based sorting strategies has not

matched that provided by in situ growth methods, mainly because of possible

contamination by residual surfactant and the potential for degradation of nanotubes

during the solubilization process. Meanwhile, for real device applications, in the

Fig. 12 Evaporation-driven self-assembly of SWNT array (reproduced with permission [115], Copyright
2013, Wiley–VCH)
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absence of a revolutionary breakthrough, it appears that the reproducibility of in situ

sorting technology is still not as satisfying as the post-growth sorting techniques.

The optimal solution is likely to include clever refinements of post-synthetic sorting

approaches, or a deeper mechanistic understanding of selective growth methods.

Furthermore, for selective growth systems, a rapid and convenient analytical

method for precisely establishing purity levels of large populations of SWNTs

remains elusive. Developing selective growth methods based on the results of that

kind of characterization is thus a high priority for SWNT researchers. In the

meantime, in an effort to get SWNT arrays with higher density, attention should be

paid to improving the length, quality, and dispersion state of SWNTs deposited from

solution to attain high performance in the exciting new device.

Acknowledgements This work was supported by the NSFC (21233001, 51432002, and 51272006),

MOST (2016YFA0200101 and 2016YFA0200104).

References
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Abstract Transparent conducting films (TCFs) are critical components of many

optoelectronic devices that pervade modern technology. Due to their excellent

optoelectronic properties and flexibility, single-walled carbon nanotube (SWNT)

films are regarded as an important alternative to doped metal oxides or brittle and

expensive ceramic materials. Compared with liquid-phase processing, the dry

floating catalyst chemical vapor deposition (FCCVD) method without dispersion of

carbon nanotubes (CNTs) in solution is more direct and simpler. By overcoming the

tradeoff between CNT length and solubility during film fabrication, the dry FCCVD

method enables production of films that contain longer CNTs and offer excellent

optoelectronic properties. This review focuses on fabrication of SWNT films using

the dry FCCVD method, covering SWNT synthesis, thin-film fabrication and per-

formance regulation, the morphology of SWNTs and bundles, transparency and

conductivity characteristics, random bundle films, patterned films, individual CNT

networks, and various applications, especially as TCFs in touch displays. Films

based on SWNTs produced by the dry FCCVD method are already commercially

available for application in touch display devices. Further research on the dry

FCCVD method could advance development of not only industrial applications of

CNTs but also the fundamental science of related nanostructured materials and

nanodevices.
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1 Introduction

Since their discovery, carbon nanotubes (CNTs) have been the subject of intensive

research [1–3]. CNTs can be thought of as graphene sheets rolled up in certain

directions, designated by pairs of integers, existing as both single-walled nanotubes

(SWNTs) and multiwalled nanotubes (MWNTs) [4, 5]. Compared with MWNTs,

SWNTs have been shown to exhibit very distinct properties, providing greater

potential for use of this outstanding structural material in nano- and macroscale

applications [1, 6]. Depending on their chirality and diameter, SWNTs can be either

semiconducting, metallic, or semimetallic in nature [7]. Both experiments and

theory have confirmed that CNTs possess excellent and unique characters, which

originate from their molecular structure [7]; For example, SWNTs possess high

conductivity (up to 4 9 105 S cm-1) [8], excellent current-carrying capacity (up to

109 A cm -2) [9], excellent charge-carrier mobility (up to 105 cm2 V-1 s-1 at room

temperature) [10], excellent thermal conductivity (up to 3500 W m-1 K-1) [11],

and excellent mechanical performance (Young’s modulus in the range of 1–2 TPa)

[12, 13].

Over recent decades, numerous academic and industrial groups have explored

use of SWNTs in diverse potential applications [1, 14]. In particular, SWNTs with

various types of architecture and different dimensions have been synthesized and

investigated worldwide to fully utilize the excellent properties of individual SWNTs

[15–18]. Thin films is an emerging research area, offering the advantage of

statistical averaging for better reproducibility [14, 19–21]. The collective behavior

of two-dimensional (2D) SWNT films can provide unique physical properties and

enhanced device performance [22]. Their superior properties, including mechanical

flexibility, optical transparency, unique electric properties, high surface area, etc.,

result in great potential for use of CNT films the applications in energy fields,

electronic devices, displays, sensors, etc [19, 20]. However, some important

challenges remain to be resolved: (1) controlled fabrication of SWNT films with

good reproducibility, (2) utilization of the excellent properties of individual SWNTs

at macroscopic level, and (3) prediction or exploration of new properties offered by

macroscopic SWNT assemblies.

To date, several methods have been developed to fabricate CNT films.

Specifically, two main types of process, i.e., liquid-phase and dry processing, have

been used to assemble CNT films [19]. Liquid-phase processing involves deposition

of tubes from surfactant solution or superacids to form CNT thin films, which is

readily scalable. However, a practical challenge with such liquid-phase methods is

that the low solubility and strong intertube interactions of SWNTs make it difficult

to obtain submonolayer SWNT thin films with uniform, moderate to high coverage

and without significant presence of bundles [23, 24]. Complete removal of residual

surfactants and acids is also a difficult problem. Dry methods for fabrication of CNT
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films mainly include three approaches: growth directly by on-substrate CVD,

drawing from a vertically aligned CNT forest grown on a solid substrate, or

deposition directly from a floating catalyst chemical vapor deposition (FCCVD)

system. CNT networks can be grown directly on a substrate by CVD. The

orientation, density, and even chiral distribution of the CNTs can be controlled by

using selected and regulated catalysts on the substrate [25–27]. However, such on-

substrate CVD normally requires multistep processing and has low yield. The

aligned CNT films drawn from a CNT forest are anisotropic [28]. However, devices

based on aligned CNT film components offer poor statistical reproducibility. SWNT

films cannot be obtained from the CNT forest method. In addition, intricate

treatment is needed to obtain MWNT films from a CNT forest for special

applications; For example, laser trimming and metal deposition increase the

transmittance and conductivity, respectively, when using MWNT films as

transparent conductive films [29]. On the other hand, film fabrication by the

FCCVD method is based on direct deposition of an SWNT aerosol synthesized by

the FCCVD method [22, 30–32]. FCCVD is low-cost and readily scalable and offers

good control over the morphology of the CNTs or bundles in the thin film, including

their length, diameter, density, etc., which are critical parameters for film

performance. In particular, films fabricated by the FCCVD method can contain

individual SWNTs of theoretically unlimited length [33]. These characteristics will

lead to many novel results and great improvements in CNT applications.

This review focuses on fabrication of films using the dry FCCVD method, as well

as corresponding SWNT synthesis, thin-film fabrication and performance regula-

tion, transparency and conductivity characteristics, random bundle films, patterned

films, and individual CNT networks; in addition, various applications, especially as

transparent conductive electrodes (TCEs), are highlighted. The final section

concludes with some long-standing problems and identifies topics warranting

further investigation in the near future.

2 CNT Synthesis Process and Mechanism

The research fields of CNT synthesis and CNT films are interdependent. Many key

advances in CNT catalysts and synthesis lead immediately to new results in film

fabrication, performance, and applications. There are three major methods of CNTs

production: arc discharge, laser ablation, and chemical vapor deposition (CVD)

[34]. Owing to its high yield and relatively mild synthesis conditions, CVD is the

most common method used for CNT growth. However, most products synthesized

by CVD are mainly powder like or supported on different substrates. FCCVD, as a

special CVD method, has attracted tremendous attention. Since the catalyst particles

and CNTs are suspended in gas phase as an aerosol throughout the entire CNT

formation process, the FCCVD method is more flexible and controllable [29], not

only being an effective approach to mass-produce CNTs of good quality [36] but

also enabling direct synthesis of different SWNT architectures, such as continuous

fibers [18, 37], transparent films [22, 31] ,and CNT sponges [38].
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Many features of FCCVD can affect the morphology and properties of the

resulting CNTs, with catalyst composition, catalyst size, carbon source, tempera-

ture, and gas-phase chemistry being the five principal parameters [39, 40]. The most

effective catalysts for FCCVD are formed from pyrolysis of easily sublimed

organometallic compounds, such as ferrocene, carbonyl iron, dimethoate, or metal

nanoparticles generated using a hot-wire or spark system [35, 41, 42]. In 1998,

Cheng et al. first applied the FCCVD method to synthesize SWNTs using ferrocene

as catalyst [6, 43]. This result suggested that FCCVD is a potential method for high-

yield production of CNTs. The catalyst size is slightly larger than the diameter of

the resulting nucleated CNTs, a phenomenon also observed in on-substrate CVD

and in situ growth in environmental transmission electron microscope [41]. Many

excellent carbon sources for production of CNTs are known, including hydrocar-

bons and carbon monoxide (CO) [40]. Hydrocarbons thermally self-decompose into

carbon clusters (CxHy), which are then absorbed by the catalyst. This process

contributes to rapid and high-yield growth of CNTs [44]. However, high partial

press of the hydrocarbon or temperature may result in production of surplus

amorphous carbon [45]. CO as carbon source is significantly different from

hydrocarbons; It decomposes only at the surface of the catalyst nanoparticles,

liberating carbon atoms for CNT formation, since the disproportionation reaction

2CO(g) $ C(s) ? CO2(g) requires the presence of a catalyst surface [35, 36]. This

reaction can greatly reduce byproduct generation. SWNT production based on CO

disproportionation has been carried out at either high or atmospheric pressure

(Fig. 1), and both methods are widely applied for commercial production of SWNTs

and films. In 2001, Smalley’s group [36] developed the high-pressure CO (HiPCO)

Fig. 1 High-quality SWCNTs synthesized with CO as carbon source at atmospheric pressure based on
FCCVD [54]. Copyright 2006 Elsevier. a Schematic of experimental setup and wall temperature profile
for FCCVD synthesis of SWCNTs with ferrocene as catalyst. Open circles indicate sampling locations
where CNTs were not observed; solid circles indicate conditions for CNT sampling. b Schematic of
SWCNT formation mechanism in FeCp2–CO system at temperature of 1000 �C
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approach to produce large quantities of SWNTs in presence of iron nanoparticles

formed from decomposition of iron pentacarbonyl. More recently, He et al. [46] and

Koziol et al. [40] examined the structural differences between tubes grown using

CO, methane, ethanol, and toluene by electron diffraction methods. The optimal

growth temperature appeared to range from 700 to 1200 �C, lying between the

temperature for amorphous carbon formation and the graphitization temperature.

Argon, helium, nitrogen, and hydrogen are commonly used as carrier gas for

feedstock introduction and product carriage, although less research has been carried

out on the difference between use of argon, helium, or nitrogen for CNT growth. It

is reported that hydrogen can effectively suppress excessive decomposition of

hydrocarbons and also reduce iron oxide during production of CNTs [47, 48]. In

addition, hydrogen can etch amorphous carbon and CNTs. In 2014, Liu et al.

reported production of 88% metallic SWNTs (m-SWNTs) when introducing H2 as

etchant to selectively etch semiconducting SWNTs (s-SWNTs) (Fig. 2) [49]. Based

on the effect of tuning the growth parameters, it was proposed that small-diameter

s-SWNTs and large-diameter m-SWNTs were first obtained, then introduction of

hydrogen as etchant gas preferentially removed the smaller-diameter s-SWNTs. In

the cited work, few-wavelength Raman was used to determine the fraction of

metallic and semiconducting tubes. Due to the complexity of evaluation of such

Raman spectra for assignment of CNT-type distributions, more accurate analysis

methods are needed, e.g., electron diffraction, for determination of the metallic tube

fraction [40, 50–52].

To obtain high-quality, high-yield SWNTs and films at atmospheric pressure,

several crucial improvements have been made to the FCCVD method at Aalto

University, including a well-designed FCCVD system and use of a CNT synthesis

mechanism with CO as carbon source [35, 41, 53, 54]. As shown in Fig. 1a, the

laminar reactor for SWNT production includes a water-cooled injector and a vertical

furnace [35]. The injector probe reaches into the high-temperature zone of the

vertical CVD reactor. Recirculation of the additional flow occurs only in the region

close to the injector probe outlet. However, the flow containing the nanoparticles

does not take part in the recirculation, and the total flow becomes fully developed

and laminar as it moves towards the high-temperature zone of the furnace,

Fig. 2 Schematics proposing selective removal of small-diameter s-SWNTs from large-diameter
m-SWNTs by hydrogen etching [49]. Copyright 2014 American Chemical Society
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indicating laminar flow conditions for catalyst particle formation and SWNT

growth. Use of this type of equipment can effectively reduce catalyst deposition on

the reactor wall. The aerosol of catalyst or precursor, carbon source, and carrier gas

are introduced through the injector probe into the high-temperature zone of the

vertical CVD reactor. Floating CNTs and bundles can be directly and continuously

obtained at the reactor end. The mechanism for SWNT formation in the FeCp2–CO

system is shown in Fig. 1b. Decomposition of FeCp2 vapor results in catalyst

particle formation and likely release of hydrocarbon fragments. Catalyst particles

are formed by nucleation and continue to grow through collision processes. In

addition, catalyst particle growth can continue as a result of ferrocene vapor

decomposition on the particle surfaces. Depending on their size, the catalyst

particles either nucleate growth of a SWNT or become inactive by growing too

large (usually above 3 nm in diameter). In addition, through a series of CNT growth

experiments, the growth window for temperature for the CO system was determined

to be 891 to 928 �C [54]. In addition to high-quality SWNTs, a novel hybrid

material, viz. nanobuds, in which fullerenes and SWNTs are combined into a single

structure in which the fullerenes are covalently bonded onto the outer surface of the

SWNTs, was invented at Aalto University. In 2007, based on the FeCp2–CO system,

carbon nanobuds (CNBs) were synthesized with increasing H2O and CO2

concentrations during the FCCVD process for synthesis of CNT [33, 55]. Due to

their unique structure, CNBs possess advantageous properties compared with

SWCNTs or fullerenes alone, including field-emission characteristics when in

nonbonded configuration.

3 CNT Film Fabrication

Recently, the demand for TCFs has surged due to the expansion of the commercial

market for optoelectronic devices such as liquid-crystal displays (LCDs), touch

panels, photovoltaics, and organic light-emitting diodes (OLEDs) [56, 57]. In 2014,

sales of TCFs in the LCD industry, which has led consumption for years, were

approximately USD 1.5 billion [58] . In addition, the commercial market for TCFs in

the solar industry is expected to exceed USD 16.3 billion by 2017 [59], and themarket

for TCFs in touch panels is anticipated to reach about USD 5 billion by 2019 [60].

Indium tin oxide (ITO) is the most widely used and current industry-standard

transparent conductor material, offering excellent optoelectronic properties with low

sheet resistance (Rs, from 10 to 100 X/sq) at high transmittance ([ 85%) [57].

However, as a brittle ceramic, the limitations of its physical property have presented

many challenges for development of flexible electronics [57, 61]. In addition, the

high refractive index of ITO may result in images displayed on touch screens

becoming washed out [61, 62]. Recently, various novel materials, including silver

nanowires, metal mesh, graphene, and CNT films, have emerged as ITO

replacement materials [56]. Owing to their low surface resistance due to the high

conductivity of metal compared with ITO, silver nanowire films and metal mesh

offer benefits for use in large-area touch displays [63]. However, there are also some

severe problems with application of silver nanowires and metal meshes as TCFs,
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such as performance stability and high ambient light reflectance [64]. The high cost

and complex process of graphene synthesis seriously limit development of graphene

for use as TCF [65]. Among these promising candidates, CNT TCFs exhibit great

potential because of their high stretchability, mechanical flexibility, chemical

stability, color neutrality, less haze, wider spectral range, etc. [56, 59, 66, 67].

4 2D Network Film

As mentioned above, FCCVD is a promising technique for SWNT film fabrication. It

enables direct, single-step fabrication of clean, ready-to-use SWNT networks for use as

high-performance TCFs. Currently, there are three main approaches for CNT film

fabrication based on FCCVD, as shown in Fig. 3. The individual tubes or bundles

producedby theFCCVDmethodare suspended inacarrier gas.Filmscan thenbeobtained

by deposition of theCNTs or bundles onto amembrane filter [30, 31] or FCCVDchamber

wall [22], or by direct transformation of theCNTaerosol into an aerogel [68]. The specific

processes of film fabrication are discussed and compared below.

Fig. 3 Schematics of CNT film fabrication processes based on FCCVD, where CNTs and bundles are
directly deposited onto a membrane filter (a) or FCCVD chamber wall (b), or c the CNT aerosol is
transformed into an aerogel in the FCCVD reactor
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CNT films can be prepared by dry deposition, combing the FCCVD method with

an aerosol filtration system, as shown in Fig. 3a. The aerosol containing individual

SWNTs and their small bundles is collected by a membrane filter at the outlet of the

reactor to form a SWNT network. The sheet resistance and transmittance can be

controlled by adjusting the network deposition time or reactor dimensions and

conditions. In 2010, Kaskela et al. [31] integrated SWNTs collected on a

nitrocellulose filter based on the laminar flow reactor with CO as carbon source

and CO2 as additive to enhance the catalyst particle activity (Fig. 4a). The micro-

morphology of the SWNT film was a continuous 2D network, as shown in Fig. 4b.

The sheet resistance of the SWNT films with bundle length of 9.4 lm ranged from

80 to 100 X/sq at a transmission of T = 90% after HNO3 doping. Since such SWNT

Fig. 4 Various SWNT films prepared by FCCVD [30] (Copyright 2011 American Chemical Society):
a SWCNT films collected on nitrocellulose filters (1, 2), pristine (3) and ethanol-densified (4) films
suspended over polyethylene terephthalate (PET), freestanding films (FSFs) on PET (5), aluminum foil
(6), and Kapton (7), a strip film suspended over a rectangular hole (8), and on cold-rolled steel (9). Insets
show semi-freestanding film on polyetheretherketone substrate (10) and a film suspended over the open
end of a glass tube (11). b Set of images showing submonolayer FSF suspended over 5-mm openings in
aluminum foil
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films are collected on low-adhesion filters, they can be easily transferred to

practically any substrate, including flexible polymers, glass, quartz, and various

metals, using a simple press. SWNT films with various thicknesses and sizes on

different substrates are shown in Fig. 4. This simple film fabrication method is also

called direct dry transfer [31]. In addition, the CNT aerosol can also be deposited

onto the substrate surface downstream of the FCCVD system by using an electric

field thermophoretic technique for thin-film manufacture [69].

The press transfer method is compatible with roll-to-roll fabrication methods,

thus opening up further upscaling potential for industrialized production. In

particular, Carbon NanoBud (CNB) film, a special SWNT film from Canatu, is

already in commercial production [62]. Homogeneous and patterned CNB films can

be manufactured on large size sheets by combining the CNB aerosol synthesis

method with room-temperature deposition. The film conductivity of CNB film at

given transparency has doubled approximately every 12 months since 2007. In

2013, CNB films with properties of 100 X/sq at 94% and 270 X/sq at 98% were

commercially available. The facility allowed capacity of up to 500,000 m2/month

by Canatu. In addition, film performance of 100 X/sq at [95% has been

demonstrated [62].

Ma et al. [22] directly prepared SWNT films with methane as carbon source,

argon as carrier gas, FeCp2 as catalyst, and sulfur as promoter in 2007. During their

preparation process, the CNTs are deposited on the FCCVD chamber wall in the

high-temperature zone, then grow continuously to form CNT films (Fig. 3b) that

can be easily peeled off after growth. The thickness of such freestanding and

homogeneous SWNT films, with area up to several tens of square centimeters, can

be regulated from 100 nm to 1 lm (Fig. 5a, b, c). These SWNT films are composed

of highly entangled bundles about 30 nm in diameter and from tens to hundreds of

micrometers in length (Fig. 5d, e). The diameter of the nanotubes in the bundles is

about 1–2 nm. The bundles in the films are firmly connected with each other, as they

grow to forming a continuous, preferentially 2D network at high temperature

(Fig. 5e). Due to these good and long interbundle connections, such directly

synthesized films offer good electrical and mechanical properties, with electrical

conductivity of 2000 S/cm and strength of 360 MPa. Figure 5 f, g shows

transmittance spectra from the ultraviolet to mid-infrared and the sheet resistance

of freestanding SWNT films of different thicknesses. For 100-nm-thick film with

sheet resistance of 50 X/sq, which was the thinnest intact film that could be peeled

off the wall of the quartz tube, the transmittance in the visible region of the

spectrum was above 70%.

In addition, freestanding CNT films can also be fabricated by transformation of

the CNT aerosol into an aerogel using a well-designed FCCVD system. In 2013,

Zhou et al. [68] introduced a blown aerosol technique into the process of CNT

synthesis by FCCVD for continuous CNT film production (Fig. 3c). With injection

of the feedstock for CNT synthesis and the carrier gas, transparent tubular films with

diameter of *100 mm were continuously blown out from the outlet of the FCCVD

system at speed of *120 m/h. The surface resistance of the as-synthesized SWNT

films was *200 X/sq at transmission of T = 90%, for the optimized conditions. In
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addition, the conductivity anisotropy could be regulated from 1 to 8 by increasing

the film collection speed, resulting in more aligned bundles in the film.

Fig. 5 a As-grown 250-nm-thick SWCNT nonwoven film. b Transparent 100-nm-thick film standing
freely between metallic pillars. c 150-nm-thick homogeneous (upper) and inhomogeneous films. The
importance of homogeneity is clear. d Large-scale scanning electron microscopy (SEM) image of
250-nm-thick film; inset shows higher magnification. e SEM image of SWCNT network in a single layer;
white arrows indicate Y-type junctions and flow direction. f Transmittance spectra for as-grown films of
different thicknesses. Numbers above curves indicate thickness, and the uppermost short curve
corresponds to 100-nm-thick film on glass substrate. S1, S2 represent the electronic transitions for the
semiconducting SWCNTs in the films, and M1 represents that of the metallic nanotubes. g Sheet
resistance versus thickness of SWCNT films. The solid line is the best fit curve according to the definition
of electrical conductivity [22]. Reprinted with permission from [22]. Copyright 2007 American Chemical
Society
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5 Patterned Film Fabrication

Other than usual film manufacture, deposition of patterned films is another critical

step for relevant final products such as touch panels and displays. Such patterning of

CNT films can also overcome the tradeoff between transmittance and conductivity

in TCFs. Patterned films are not uniformly transparent but may still meet many of

the application requirements, as long as the features of the pattern are thin enough to

not be recognized by the naked eye.

In the case of rectangular patterns, to a first-order approximation, the

transmittance roughly equals the CNT coverage, while the conductance is

proportional to the grid thickness:

R ¼ q
tf
;

T ¼ ð1� f Þ þ f e�at;

where R is the sheet resistance, T is the film transmittance, q is the resistivity of the

CNT grid, t is the grid thickness, a is the absorption coefficient of the CNT grid, and

f is the duty cycle of the grid pattern, viz. f ¼ W
A
, whereW is the CNT grid width and

A is the grid pitch (Fig. 6d). Instead of vanishing, the transmittance approaches

1 - f as the pattern becomes thicker. Therefore, conductance and transmittance are

Fig. 6 Patterned carbon nanotube films: a Fabrication steps for patterned carbon nanotube film utilizing
patterned filters [73]. Copyright 2014 American Chemical Society. b Comparison of sheet resistance
between patterned and uniform carbon nanotube films and c optical image of patterned carbon nanotube
films with rectangular geometry [33]. Copyright 2016 Elsevier. d Structural parameters of the rectangular
pattern geometry
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no longer strongly coupled. The factors limiting the conductivity are the quality of

the CNTs and how thick the grid can be.

A few pioneering studies have been carried out on how to pattern carbon

nanotube films. Inkjet printing is a facile method to make arbitrary patterns with

linewidth above 50 microns [70]. On smaller scales, some specific patterns can be

formed with the aid of polymer [71] or laser methods [72].

Among these methods, one approach is particularly well suited to the FCCVD

method. This method utilizes dry transfer and photolithographically patterned filter

membranes to achieve resolution down to microns, overcoming the tradeoff

mentioned above. Fukaya et al. reported a 46% increase in conductivity for

patterned compared with uniform film [73]. In a follow-up study, Kaskela et al.

reported record-breaking performance of 69 X/sq at 97% transmittance [33].

Improving the uniform film quality still matters in the patterned case, since it

provides better base material, achieving the target conductance with lower thickness

and material consumption. The conductivity versus transmittance characteristic can

be further improved if the pattern can be made thicker; For example, a 40-nm-thick

film can transmit 75% of light at 550 nm [30], corresponding to an absorption

coefficient of a = 72,000/cm . Improvement in the carbon nanotube quality results

in little change in film density, so the absorption coefficient remains roughly

unaltered. However, improvement in tube–tube contact and length will reduce the

film resistivity, as shown in a recent report in which films of individual carbon

nanotubes reached 89 X/sq at 90% transmittance [33] with figure of merit of

aq = 9.38 and thus q ¼ 1:3� 10�6X � m ðor 7700 S � cmÞ. To achieve 10 X/sq at

90% transmittance, the grid thickness required is 1.3 microns. This thickness could

be reduced further by applying better CNTs or through use of doping techniques,

which will have lower aq.
The value of 1.3 microns is not very thick for TCFs. However, few attempts have

been made to form patterned random carbon nanotube films of such thickness. In

previous attempts, the thickness of the densified film was around 0.15 microns,

being limited by the thickness of the photoresist [73]. It is reasonable to expect that

increasing the thickness of the photoresist, or development of new patterning

techniques for thicker CNT films, will help CNT TCFs to reach better performance

and wider application scenarios.

6 Characterization, requirements, and performance of CNT films
fabricated by FCCVD for use as TCFs

Low sheet resistance and high light transmission across the UV-Vis–NIR spectrum

are pursued for ideal transparent conducting films. Practically, sheet resistance can

be measured directly using the four-point probe, two-point conductivity probe, or

two-line method, while transmission can be obtained by measuring the UV-Vis

absorbance of the TCF. Because the transmittance of a film decreases through

absorption as its thickness is increased, there is a tradeoff between these two

parameters [74]. Therefore, a figure of merit (FOM) should be defined to compare
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various TCFs, combining transmission and sheet resistance and being independent

of thickness.

According to existing literature, two main FOMs are used for comparison of

TCFs [75], i.e., aq and rdc=rOP, where a, q, rdc, and rOP are the absorption

coefficient, resistivity, direct-current (dc) electrical conductivity, and optical

conductivity of a uniform TCF, respectively. The sheet resistance of a uniform

film is defined as Rs ¼ q=t, where t is the film thickness. According to the Beer–

Lambert law, the transmission of light (T) through a film of homogeneous material

can be modeled as T ¼ expð�atÞ. Combining these two equations yields

T ¼ exp � aq
Rs

� �
: ð1Þ

aq is a constant parameter for a uniform and homogeneous material. In addition to

Eq. (1), the following is another formula commonly used to describe the relationship

between Rs and T for TCFs [76]:

T ¼ 1þ Z0

2Rs

rOP
rdc

� ��2

; ð2Þ

where Z0 is the characteristic impedance of vacuum (*376.73 X). Both rdc and rOP
are fundamental properties of the material, therefore rdc=rOP is also a useful FOM

for TCF evaluation. It is worth noting that Eq. (2) is based on the assumption that

the film thickness is much less than the wavelength of interest. In the case of CNT

films as TCFs, their thickness is generally\50 nm. Therefore, rdc=rOP is valid as a

FOM to evaluate their performance of CNT films as TCFs. Degiorgi et al. measured

a rOP value of 200 S/cm at 550 nm for buckypaper composed of SWNTs [77]. This

value applies for SWNT films obtained by FCCVD, because rOP is independent of

doping level but varies with the number of walls in the CNTs.

Good candidates for use in TCFs will have higher FOM, aq and rdc=rOP,
meaning a material with high conductivity and low optical absorption [78]. Based

on Eqs. (1) and (2), aq ¼ Z0
2
rOP
rdc

can be obtained by performing a Taylor expansion in

T=Rs to first order. Hence, aq and rdc=rOP are phenomenologically equivalent.

Because rdc=rOP is dimensionless and simple, we use it to compare the properties

required for practical applications of CNT TCFs in Table 1.

The requirements on the optoelectronic properties of TCFs vary depending on the

application [19]. The minimal requirements for practical application of TCFs are

presented in Table 1. CNT films offer various advantages in terms of physical

flexibility, excellent optical properties, and chemical stability, compared with ITO

or other candidate TCFs. However, the conductivity of even state-of-the-art SWNT

films must still be improved to meet industrial requirements for certain applications

in order to replace ITO (Table 1); For example, transparent electrodes for

photovoltaic devices require high transmittance above 90% and conductivity of

Rs below 10 X/sq for efficient energy harvesting, which means rOP
rdc

[ 348:5. Based

on theoretical and experimental results, the optoelectronic properties of SWNT

films depend on many parameters, including the morphology (length, diameter, and
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orientation) of the SWNTs and bundles, the quality, purity, and chirality of the

SWNTs, doping, etc. [79–82].

Since the contact resistance between individual SWNTs or bundles is orders of

magnitude higher than the resistance along a tube [31, 81, 83, 84], highly resistive

junctions limit the electrical conductivity of SWNT films obtained from FCCVD as

well as other methods. Recently, Znidarsic et al. [85] used conductive atomic force

microscopy to analyze the contact resistance between tubes at isolated junctions of

Fig. 7 Morphologies and contact resistances of SWCNT intermolecular junctions [85]. a, b AFM images
of X and Y junctions, two main SWNT intermolecular junctions. c Contact resistance of X and Y
junctions versus diameters of primary and secondary CNTs and their intersection angles. Y junctions have
lower resistance than X junctions for given structural parameters, with minimum value of 29 kX. The
contact resistance of both junctions is inversely proportional to the diameters of the CNT branches.
Adapted with permission from [82]. Copyright 2014 American Chemical Society
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pristine and nitric-acid-treated SWNT networks obtained by FCCVD, as shown in

Fig. 7. At room temperature, the conductivity of a SWNT or bundle was found to be

ohmic, with values close to 3–16 kX/lm. The resistance of their junctions was

much higher, ranging from 29 to 532 kX and decreasing with increasing SWCNT or

bundle diameter. The contact resistance also depended on the contact morphology

[86]. Compared with X junctions, the contact resistance of Y junctions is orders of

magnitude lower [15], because they benefit from carrier transport via longer

interbundle connections. The contact resistance of both types of junction is

inversely proportional to the diameters of CNT branches. They also found that

moderate nitric acid treatment reduced the sheet resistance by a factor of 4 by

reducing the average junction resistance by a factor of 3, while the resistance of the

nanotubes remained largely unaltered. These results suggest that the mechanism for

resistance reduction on doping is related to contact modulation with no major

impact on the conductance of the SWNTs themselves [87]. However, in the case of

defective or substitutionally doped SWNTs, the resistance of the SWNTs or their

bundles may be much larger due to scattering on lattice defects, dominating the total

resistance of the thin film [88, 89].

As mentioned above, interbundle and intertube contacts dominate the overall

resistance of typical SWNT networks. Therefore, increasing bundle length

correlates with decreasing sheet resistance at constant optical transparency, as

longer bundles reduce the amount of high-resistance interbundle contacts in the

network [90]. An exponential relationship between conductance and average CNT

bundle length has been found experimentally [91]. Although longer CNTs do benefit

fabrication of more conducting films, they are more difficult to disperse, particularly

at high concentration. This intrinsic contradiction complicates and compromises

many liquid-phase methods for CNT film fabrication. For the dry FCCVD method,

however, no such problem exists. The length of the SWNTs produced depends on

the residence time and growth rate, since SWNT growth occurs in a certain region

(growth zone) in the FCCVD method. Kaskela et al. [31] deposited TCFs containing

SWNT bundles of various lengths, synthesized in different reactors of various sizes

based on the FCCVD method. With bundle length improvement from 1.3 lm to

Fig. 8 Effect of bundle length and diameter on optoelectronic performance of SWNT films. With
a increasing bundle length [31] or b decreasing bundle diameter [98], the performance of the SWNT films
as TCFs was improved. Copyright 2010 American Chemical Society and Copyright 2009 AIP Publishing
LLC
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9.4 lm, the optoelectronic performance of the SWNT films was greatly improved,

as shown in Fig. 8a. Moreover, a hybrid carbon source was applied to tune the

bundle length based on different decomposition temperatures. Anoshkin et al. [92]

fabricated SWNT films using a hybrid carbon source of CO and ethylene. SWNT

film doped with gold chloride (AuCl3) exhibited sheet resistance as low as 73 X/sq
at transmittance of 90%. In addition, Reynaud et al. [93] obtained similar results

when using toluene and ethylene as carbon sources. In general, use of a hydrocarbon

carbon source leads to higher growth rate of CNTs compared with CO. For certain

catalyst–carbon systems, use of appropriate additives including water, CO2, sulfur,

etc. can improve the CNT growth rate [37, 53, 94].

In addition to the nanotube or bundle length, the mean bundle size is expected to

have a large, but relatively little understood effect on the performance of the

resulting thin film. Due to van der Waals interactions between them, SWNTs have a

strong tendency to aggregate into bundles during synthesis and processing. At the

individual SWNT level, dielectric screening caused by adjacent SWNTs modulates

the electronic properties of an SWNT. Optically, this can be observed as a redshift

caused by decreased exciton lifetime.

Some work has been carried out on the dependence of the performance of thin

films based on liquid processing on the bundle diameter. However, the conclusions

are inconsistent, owing to the complex processes and numerous influencing factors.

Hecht et al. [91] and Shin et al. [95]. studied the performance of films fabricated

using vacuum filtration of SWNT dispersions, where the bundle length and diameter

were controlled by using different sonication times. Hecht et al. could not reach

reliable conclusions regarding the relation between bundle size and thin-film

performance, because decreasing the bundle size also decreased the bundle length in

their experimental procedure. However, Shin et al. claimed to be able to keep the

bundle size and length more independent of each other, and concluded that the thin-

film performance improved as the bundle size was decreased, for bundles of similar

length. Lyons et al. [90] and Mustonen et al. [33] also considered the effect of

bundling from a geometric viewpoint, using different commercially available

SWNT dispersions and SWNTs synthesized using different floating catalyst CVD

processes, respectively. They argued independently that decreasing the bundle

diameter while keeping the optical density constant will increase the number of

conductive pathways in the network and thereby the bulk electrical conductivity.

However, this could be counteracted if the conductivity of bundles and especially

the conductivity of junctions between them increases in proportion to the bundle

size. Han et al. reported that conduction in large bundles can be constrained to the

surface layer [96], meaning that the rest of the bundle contributes to optical

absorption but not electrical conductivity. Likewise, contact resistances between

bundles can be expected to be smaller than contact resistances between individual

SWNTs due to their larger contact areas; this has been confirmed experimentally for

nondoped tubes using conductive atomic force microscopy by Znidarsic et al. [85],

although earlier study by Nirmalraj et al. [97] reached the opposite conclusion,

possibly because their work used SWNTs deposited from a liquid dispersion and

larger bundles could contain more contaminants. In the case of long rope-like

structures, the intertube resistance inside the bundles themselves will also limit the
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conductivity, although the contacts between them can be expected to be quite

conductive due to the large contact areas between SWNTs arranged in this manner.

In contrast to liquid-phase processing, the bundle diameter can be controlled by

regulating the catalyst and CNT concentration without affecting the length or

chirality distribution when using FCCVD. Based on this fact, the aerosol CVD

system can be used to reveal the essential relationship between film performance

and bundle diameter. Mustonen et al. [98] studied the effect of bundle diameter

(1.38, 1.80, and 2.90 nm) on TCE performance by deliberately aggregating aerosol-

synthesized SWNTs in gas phase after synthesis [98], as shown in Fig. 8b. They

concluded that films collected from a more bundled population of the same SWNTs

performed worse and that the performance decrease could be described using a

semiempirical model, assuming that the conductivity within the bundles is not

higher compared with that in individual SWNTs, in accordance with Han et al. [96],

and that the contact resistances between bundles are lower compared with those

between individual SWNTs, in accordance with Znidarsic et al. [85]. Compared

with earlier studies carried out using liquid dispersions, these experiments had the

advantage that the properties of the individual SWNTs remained unchanged and the

only variable was the amount of bundling. The conclusion that less bundled SWNTs

are beneficial to improve the thin film conductivity is further supported by the

studies of Mustonen et al. [42] and Kaskela et al. [33]. In these studies, the films

fabricated from shorter (mean SWNT length 4 lm), nearly nonbundled SWNTs,

displayed similar performance to earlier published films [31] consisting of longer

SWNT bundles (mean bundle length 8–10 lm). The short SWNTs were synthe-

sized at low concentration and thus undergoing almost no bundling during synthesis.

The ratio of metallic to semiconducting SWNTs in the network is also crucial to

the film conductivity, based on two facts [99, 100]. Firstly, at room temperature, the

resistance of an individual m-SWNT (10-4-10-3 X cm) is much lower than that of

its semiconducting counterpart (10 X cm) [101, 102]. In addition, the contact

resistance of metal–semiconducting (M–S) heterojunctions is *1 MX at ambient

temperature, one order of magnitude higher than for metal–metal (M–M) or

semiconducting–semiconducting (S–S) junctions (*20 kX) [86, 103], although

doping is likely to reduce this difference [85]. Because of the nature of CNT

networks as a mixture of semiconducting and metallic objects, almost all of the

junctions are heterojunctions. Simulation results for the conductance versus

proportion of semiconducting tubes of a SWNT thin film are shown in Fig. 9 [4].

Because of the low resistance of M-M and S-S contacts, the conductance of films

composed of pure metallic or semiconducting tubes is quite high (point A and E).

With increasing proportion of semiconducting SWNTs (from point A to point B),

the conductance becomes dominated by Schottky barriers (M-S junctions) rather

than metallic tubes. When the proportion of semiconducting tubes approaches 80%

(point B to D), the conductance is blocked. For small amounts of metallic tubes in

the network (from point D to E), the film conductivity increases as charges pass

along paths formed by semiconducting SWNTs, bypassing the Schottky barriers. In

2014, Hou et al. [49] used the FCCVD method to prepare enriched m-SWNT films

by introducing hydrogen as etchant gas. With increasing m-SWNT content, the
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sheet resistance at transmittance of 90% decreased from 500 X/sq to 160 X/sq, as
shown in Fig. 9b.

7 Applications of SWNT Films in Touch Sensors and Display Electrodes

Transparent conducting films based on SWNTs are vital components in a range of

electronic devices, such as touch screens [61, 62], LCDs [105, 106], OLEDs

[107, 108], and solar cells [109, 110]. Currently, touch displays are the most mature

application of SWNT TCFs [62], whereas most other applications of CNTs remain

at laboratory stage. Resistive and capacitive touch panels can already be

manufactured in factories and purchased on the market, indicating that practical

applications of SWNT films have already started.

In 2013, Anisimov et al. [62] discussed recent progress in achieving character-

istics and applications of TCFs based on Canatu’s CNB technology. The

combination of aerosol synthesis and direct dry printing allows homogeneous or

patterned deposition on any substrate at room temperature and pressure, resulting in

a simple, scalable, one-step, low-cost, and environmentally friendly thin-film

manufacturing process that improves the quality and performance of final products.

Direct dry printing is applicable to both sheet and roll-to-roll implementations and

can be combined with conventional screen, gravure, and flexo printing to enable

production of continuous rolls of complex, multilayered components. These

advances are significant because they will enable flexible and even three-

dimensional (3D)-shaped touch sensors, high-optical-quality touch displays with

almost no reflection and high outdoors contrast, and cost-effective manufacturing

through dry roll-to-roll processing.

Deposition of homogeneous and patterned CNB films can be achieved by

combining the aerosol synthesis method with room-temperature deposition based on

a modification of the aforementioned filter transfer technique. The conductivity of

Fig. 9 Expected conductance as function of proportion of semiconducting tubes (assuming for simplicity
that an unblocked semiconducting tube conducts as well as a metallic tube) [104]. Reprinted with
permission from [101]. Copyright 2009 American Chemical Society. Conductance versus percentage of
semiconducting CNTs in network, simulated for density three times the percolation threshold; CNT
length, positions, and orientations are the same for different M/S ratios
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CNB films of given transparency has doubled approximately every 12 months since

2007. Figure 10a shows CNB film releases since 2011. High transparency is needed

to enable bright display images and pattern invisibility. In 2013, Gen 5 films with

the following properties without substrate were reported: 100 X/sq at 94%, 150 X/
sq at 96%, and 270 X/sq at 98%. In addition, film performance has reached up to

100 X/sq at[ 95% in the laboratory [62].

CNT films have therefore been found to be low haze, neutrally colored, uniform,

and both environmentally and mechanically stable.

Figure 10b shows the haze of substrate-normalized CNB films as a function of

sheet resistivity. The haze of CNB film is negligible (\ 0.1%) and does not increase

at low sheet resistivity as it does with AgNW and metal meshes. The optical

absorption of CNB film is uniform over the entire visible spectrum. The

Commission Internationale de l’Éclairage (CIE) Lab color coordinates after

normalization were measured as L* = 97.9 ± 0.1, a* = 0.0 ± 0.1, and b* = 0.6

± 0.1, demonstrating that CNB films and sensors have very little color distortion.

TCF stability is also critical in practical applications, because fabrication and

operation of actual devices may involve various levels of temperature and humidity.

CNB films have been evaluated using all typical consumer electronics environ-

mental tests. As shown by the results in Table 2, they passed these standard tests

when using both environmental and accelerated aging. Experiments on mechanical

stability have also been carried out to evaluate the applicability of CNBs for flexible

and foldable electronics. The results for CNB film on 130-lm-thick PET substrate

exposed to severe (180�) bending to radius of 2 mm are shown in Fig. 10c. The

sheet resistance remained nearly constant over 30,000 bending cycles, after an

Fig. 10 a CNB film transmission versus sheet resistivity, comparing current Gen 5 with previous results
from 2011 to 2013. Transmission is substrate-normalized. b Haze of substrate-normalized CNB films as
function of sheet resistivity. Haze does not increase at low sheet resistivity as it does with AgNW and
metal meshes. c Change in resistivity of CNB film on 130-lm PET substrate after repeated bends to
radius of 2 mm [62]. Copyright 2014 Society for Information Display
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initial change of a few percent. In another similar test with 140,000 bending cycles,

the change in resistivity was less than 7%. The Canatu facility allows capacity of up

to 500,000 m2/month. Together, these results indicate that CNB films can indeed be

used as a substitute for ITO electrodes in consumer electronics.

Most touch sensors and displays require fine patterning with minimum feature

sizes of 25–50 lm. For ITO, photolithography with eight steps is commonly used

for such fine patterning. However, fine patterning of CNB films is achieved via laser

ablation, which maintains the dry manufacturing process with no liquid handling

and hence a lower environmental footprint. Because no masks and only one process

step are required in laser ablation, the time and cost are competitive. In addition, the

low incremental capital expenditure for laser equipment as opposed to a

photolithography line makes it more flexible in the face of demand fluctuations

and enables better line utilization. Ag traces are also fine-patterned to 30 lm/30 lm
lines and gaps, either by laser ablation in the same process step as the CNB

patterning or, for even better production efficiency, by direct screen printing. It is

important to note that metal-mesh-based touch sensors require very high tolerance

Table 2 Test results on CNB films including both environmental and accelerated aging [62]. Copyright

2014 Society for Information Display

Specification

Test Standard DRs (sheet

resistivity

change)

D%T (transmission

change)

DHaze DE (color

change)

Adhesion

(cross-

cut and

tape

peel-off,

JIS

K5600)

Room-

temperature

storage

25 �C/60%
RH

Passed Passed Passed Passed Passed

Constant-

temperature/

humidity

storage

IEC 68-2-78

(IEC 68-2-

3) 60 �C/
90% RH

Passed Passed Passed Passed Passed

Thermal cycle

storage

IEC 68-2-2,

IEC

60068-2-14

Test N,

IEC

60068-2-2

Na, 40 �C

Passed Passed Passed Passed Passed

High-

temperature

storage

IEC 68-2-2,

IEC

60068-2-2

dry heat

tests, 85 �C

Passed Passed Passed Passed Passed

Low-

temperature

storage

IEC 68-2-

1–40 �C
Passed Passed Passed Passed Passed
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and early design knowhow of display pixel geometry to reduce the moiré effect

between the display and sensor. Metal mesh manufacture is also demanding, as the

bonding equipment needs to be tightly controlled. CNB sensors are display design

agnostic due to the pattern invisibility and random orientation of CNB deposition.

Based on the availability of flexible and cost-effective CNB films with excellent

and stable performance, touch sensors (Fig. 11) and high-optical-quality touch

displays (Fig. 12) have been manufactured. Specifically, a CNB-based two-layer

glass–film–film (GFF) structure demonstrator was created, showing only 2.2%

reflection and 40% better contrast in bright ambient light compared with a

comparable structure using ITO. For 3D-shaped rigid touch sensing, formability

with 1 mm radius edges and 120% stretching was achieved.

The 13.3-inch-diagonal CNB projected-capacitive touch sensors were manufac-

tured (Fig. 12b) based on the process shown in Fig. 12a. The touch stack was of

glass–film–film (GFF) type with sense and drive electrodes on separate PET sheets,

laminated together and to the front glass using optically clear adhesive. The CNB

film sheet resistivity was 220 X/sq. The sensors were bonded with a flexible circuit

board to the driving electronics, and the touch module assembly was ‘‘plug and

play’’ retrofitted to an existing Intel Ultrabook reference design for comparison with

the existing standard commercial ITO One Glass Sensor (OGS). An Atmel mXT224

chip was used as touch controller. The CNB touch sensor passed Windows

Hardware Certification Kit (WHCK) tests and is therefore fully certified for

Windows 8. As characterized by Atmel, the touch performance was found to be

equivalent to commercial ITO sensors. The reflectivity from the CNB GFF touch

display was significantly lower than that from the comparison ITO OGS touch

display. The optical characterization of various touch modules is presented in

Fig. 11 Touch sensor based on CNB film [62]. Copyright 2014 Society for Information Display. a CNB
touch sensor manufacturing process and business model for high-volume touch sensor sales. b Dome-
shaped CNB projected-capacitive multitouch sensor. c 3D-shaped CNB FIM demonstrator with touch
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Table 3. Compared with ITO and metal mesh touch modules, CNB touch modules

have the lowest haze.

A highly transparent 3D-shaped demonstrator with slider, wheel, and button

touch was also created (Fig. 12c), based on the FIM process with CNB on thin

polycarbonate substrate and clear poly(methyl methacrylate) overmold. The radius

of curvature was 130 mm. For rigid 3D-shaped touch devices, film insert molding

(FIM) as a standard industrial process was applied. The 120% stretching and 87�
bending at 1 mm radius of the FIM device demonstrate the high stretchability of

CNB films. Both one- and two-CNB-layer test devices for plastic–film (PF1)- and

plastic–film–film (PFF)-type touch stack constructions were made. CNB layers,

applied on polycarbonate Makrofol DE film, were 3D-shaped using a high-pressure

forming process. The resulting inserts were injection back-molded with clear

Makrolon polycarbonate resin. In all test devices, the CNB layers maintained their

conductivity with linear response to stretching.

To demonstrate touch display contrast in a direct-bonded construction, 10-inch

optical demonstrators of TFT LCD touch panels were also made (Fig. 12) with two

types: an ITO-based 150 X/sq GFF stack and a 150 X/sq CNB GFF stack. As

presented in Table 4, the CNB GFF device exhibited 2.2% total reflectance, whereas

the total reflectance from the ITO GFF device was 3.4%. Table 4 presents a

Fig. 12 a Stack diagram of touch display direct-bonded 150 X/sq ITO GFF (left) compared with CNB
GFF (right). b ITO and CNB touch display [62]. The demonstrator is shown on the far right. Copyright
2014 Society for Information Display

Table 3 Optical

characterization in terms of haze

for touch modules with a variety

of transparent conductors [62].

Copyright 2014 Society for

Information Display

Touch module Type Sensor Haze (%)

Carbon NanoBud CNB GFF 0.6

ITO OGS (no index matching) ITO OGS 3.3

Silver nanowire metal mesh Mesh GFF 1.4

Silver metal mesh #1 Mesh GFF 2.0

Copper metal mesh #1 Mesh GF2 1.6

Copper metal mesh #2 Mesh GF2 2.0

Silver metal mesh #2 Mesh GF2 1.3

iPAD 4 (air) ITO GF2 1.0
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breakdown of the reflection values in the touch display structure. The CNB sensor

stack showed no inherent reflections, hence the 1.8% specular reflection for the GFF

stack originated from the glass–antireflection (AR) coating–air interface and from

the display (Fig. 8). For the ITO sensor stack, despite complex index-matching

layers, 1% specular reflection from the ITO layers was still observed. By better

optimizing the AR coating, using a less reflective display, and optimizing the direct

bonding materials,\ 1% specular reflection is feasible with CNB GFF sensors.

Demonstrators of touch and display devices have therefore been successfully

produced, indicating that CNB films are now a commercially viable option for high-

volume applications and for high-quality flat, flexible, and 3D-formed touch sensors

for use in mobile phones, tablets, phablets, laptops, smart watches, digital cameras,

automotive consoles, and white goods.

8 Summary and Outlook

This review has described recent developments in SWNT thin films fabricated by

dry methods based on FCCVD, including SWNT synthesis and film fabrication,

properties, and applications as TCFs. As an emerging class of materials, SWNT thin

films possess unique optical transparency and superior electric properties and

mechanical flexibility, resulting from not only the incorporation of individual

SWNTs but also their collective behavior, with additional properties arising from

tube–tube interactions. Among these promising candidate materials, CNT TCFs

exhibit great potential because of their chemical stability, high stretchability, color

neutrality and less haze, wider spectral range, etc. [56, 59, 67]. Compared with

liquid-phase processing, which involves various time- and resource-consuming

steps, dry FCCVD methods without dispersion in solution are more direct and

simpler. By avoiding the tradeoff between CNT length and solubility during film

fabrication, the dry FCCVD method enables production of films that contain longer

CNTs and exhibit excellent optoelectronic properties. Films based on SWNTs

produced by the dry FCCVD method are already commercially available for

application in touch and display devices. However, the transparent and conductive

properties of these CNT films must be further improved to expand their application

scope, e.g., to include solar cells.

In the dry FCCVD method, control of the CNT morphology and chirality is

critical to improve the film performance. Increasing the bundle length and reducing

the diameter, down to individual tube level, can effectively improve the film

conductivity. The length of the SWNTs or bundles depends on the growth time and

Table 4 Specular and diffuse reflection results for CNB and ITO GFF optical demonstrators with AR

coating [62]. Copyright 2014 Society for Information Display

Direct-bonded touch module Specular reflection (%) Diffuse reflection (%) Total reflection (%)

CNB AR/GFF 1.85 0.36 2.21

ITO AR/GFF 2.91 0.47 3.38
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growth rate during the synthesis. Limiting the number concentration of CNTs in gas

phase prevents nanotube collision and bundle formation. With increasing aspect

ratio of CNTs and bundles, it becomes very important to maintain a stable laminar

gas flow, to prevent formation of CNT and bundle loops, which would greatly

reduce the effect of greater CNT length. Controlled synthesis of CNTs is still in the

development stage, with further research efforts needed. Although there are some

papers on direct or posttreatment methods to synthesize or separate pure metallic or

semiconducting CNTs [31, 49, 52, 111, 112], scalable and reliable methods are still

desired for further commercialization in CNT applications. Separation of tubes

based on their electric conductivity would benefit applications in transparent

conductors and thin-film transistors [113], another major application for CNT films.

Considering the difficulty of obtaining high-purity semiconducting CNTs [112],

CNT film transistor technology remains at an earlier stage compared with

transparent conductors. In addition to the neat material, extensive investigations

on numerous dopants for CNTs have been carried out. The effectiveness of doping

for improving the conductance of CNT films has been demonstrated. However,

stability issues and the effects of functional groups and residual dopant on device

performance have been less well studied and evaluated [114, 115], being critical for

actual device applications and commercial use.

Research on the dry FCCVD method for fabrication of SWNT films could

advance the development of not only industrial applications but also the

fundamental science of related nanostructured materials and nanodevices. Except

for transparent electrodes and thin-film transistors, SWNT films produced by the dry

FCCVD method also have great potential for use in several other high-impact

applications, including sensors [116–118], ultrafast femtosecond lasers

[30, 119–121], thermoacoustic loudspeakers [122], energy storage [123–125], etc.

We believe that SWNT films produced by the dry FCCVD method will soon be an

essential component in commercial device applications, because of not only their

unique properties and low cost but also promising research results.
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Abstract Sorting of single-wall carbon nanotubes by their electronic and atomic

structures in liquid phases is reviewed in this chapter. We first introduce the sorting

problem, and then provide an overview of several sorting methodologies, following

roughly the chronological order of their development over the past 15 years or so.

Major methods discussed include ion-exchange chromatography, density-gradient

ultracentrifugation, selective extraction in organic solvents, gel chromatography,

and aqueous two-phase extraction. A main focus of the review is on the common

mechanisms underlining all sorting processes. We propose that differences in sol-

vation among different nanotube species are the ultimate driving force of sorting,

and we corroborate this proposal by presenting analysis on how the differences are

realized in electronic-structure-based sorting and atomic-structure-based sorting. In

the end, we offer some suggestions on future directions that may grow out of carbon

nanotube sorting. In particular, the prospect of expanding the function of

DNA/carbon nanotube hybrid to control inter-particle interactions both inside and

outside the nanotube is discussed.
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1 Introduction

We humans, as a complex molecular assembly, have a peculiar obsession with

structures that exhibit order and symmetry. From the ancient pyramids in Egypt to

modern skyscrapers in cities around the globe, a long list of examples can be cited to

illustrate this point. Carbon nanotube (CNT)—an ordered and symmetrical

architecture at the molecular scale—is the latest addition to the list. Sorting CNTs

to enable their practical applications is a motivation for those of us working on the

subject. However, we are not honest without acknowledging the strong driving force

stemming from our primal fascination by these geometrically perfect structures and

our desire to follow them into new territories in molecular science. Elegant solutions

to the CNT sorting problem have emerged as the result of over 15 years of effort by

many researchers in the field. These can be found in a large body of published

literature. This review is not going to be a collection of recipes for sorting, even

though these have practical importance. Rather, we will give due attention to the

physical mechanisms underlying CNT sorting and its broader implications.

The development of CNT sorting research is to a large extent a history of

adopting separation methodologies previously developed by biochemists. Many

CNT separation methods are copied directly from biochemical separation

techniques. Furthermore, the most efficient CNT dispersants discovered so far,

DNA and bile salts, are all biomolecules. There is a reason for the connection with

biochemistry. Fundamentally, CNT separation is about manipulation of molecules.

Biomolecules are evolved to do just that in water at a much more sophisticated

level. Likewise, biochemical separation methods are developed for processing

complex molecular mixtures. Exploiting biomolecules and biochemical separations

for CNT sorting is not only a rational but also an inevitable choice. On the other

hand, CNT sorting research may not always be on the receiving end. In the long run,

it may enrich the phenomena as well as the understanding of molecular interactions

in water. In comparison with biomacromolecules, CNT colloids have simpler

geometries that can be easily identified and quantified by optical spectroscopy

techniques. As such, they are ideally suited for studying molecular interactions.

With this in mind, we try to write this review not just for CNT specialists but also

for those who are interested in studying molecular interactions in water—a

fundamental problem in biophysics.

Here is the outline of the review. We will begin by defining the CNT sorting

problem. After a chronological review of several major sorting methodologies, we

will delve into mechanisms of the sorting processes. The discussion is divided into

two main parts according to two modes of sorting: electronic-structure-based sorting

and atomic-structure-based sorting. You may find in this part many statements too

speculative to swallow, but that is a reflection of limited understanding on the

author’s part, and his intention to provoke debate. In the end, we will provide some

perspective on the future development that may grow out of CNT sorting. We view

CNT sorting as the beginning of molecular manipulation of CNTs in particular, and

many other tubular nanostructures in general. The enormous opportunities of

macromolecular chemistry to control CNT’s physical and chemical properties are
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waiting to be explored. Throughout the review, we attempt to convey the point that

DNA-based CNT sorting is an illustration of the power of sequence-controlled

polymers, the emergence of which is probably the single greatest event in the

evolution. For those of us working on CNT sorting, the exercise has rewarded us a

unique opportunity to appreciate the central role of sequence-controlled polymers in

a living cell.

1.1 Separation in Nature and in Human Technologies

Separation is a process by which a material/molecular mixture is transformed into a

state with some spatial–temporal order in the distribution of the constituents, driven

by interaction forces that obey fundamental laws of the universe. Separation thus is

a disorder-to-order transition that runs in the face of the 2nd law of thermodynamics

[1]. Separation processes can be identified everywhere within us and around us, at

time and length scales short and long.

The importance of separation in the creation of the physical world around us has

long been appreciated by our ancestors, as can be seen in creation myths from

various cultures. In Chinese myth, the universe begins with Pangu ( )’s

separation of the heaven and the earth from a wonton state of matter. In the Book of

Genesis, the first three acts of God are to separate dark from light, waters above

from waters below, and sea from land. Modern science confirms the role of

separation in the creation of the universe, but replaces the act of supreme beings by

the fundamental physical forces. The basic layer cake of earth—core, mantle, crust,

hydrosphere, and atmosphere—is structured by the gravitational force acting on a

grand scale. Inside a living cell, molecular sorting processes take place incessantly,

driven by interactions that are electromagnetic in nature. If sorting molecules in

cells is a spontaneous process perfected by natural selection, separation technologies

invented by human are deliberate, designed processes taking advantage of various

forms of interactions, to achieve certain technological goals. Behind any hardware-

based technology, one can find many separation processes that provide building

blocks for the technology. One has to do separation first, integration second.

1.2 The CNT Sorting Problem

New structural characteristics emerge when solid-state crystals are constructed in

lower dimensions. This is exemplified by single-wall carbon nanotubes (SWCNT),

which exhibit a degree of freedom in handedness, and a multitude of helicity

(Figs. 1, 2) [2]. Conceptually, a SWCNT is formed by rolling a graphene sheet into

a seamless cylinder. The resulting nanotube structure can be specified by a graphene

lattice vector (n, m) along which the rolling-up operation is performed. To avoid

confusion in terminology, in this review we define (n, m) and (m, n) tubes as having

the same helicity, but different handedness. A chirality-defined tube is one with both

defined handedness and helicity, corresponding to a unique set of (n, m) indices. For

2D and 3D crystals, translational symmetry actually imposes many constraints on

the number of structures a periodic crystal can assume. Structural polydispersity of

CNTs is thus associated with its quasi 1D nature. Other quasi 1D materials such as
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boron nitride nanotube (BNNT) also have the same issue. The problem we are

concerned with is the following: for a given mixture of SWCNT species, can we

find a process to extract each and every single species? The problem arises because

no scalable synthesis solution is yet available for making SWCNTs of defined

structure and property despite progress made in recent years [3–5]. For CNTs with

two or more walls, the structure control problem becomes even more difficult to

solve. We will focus mainly on SWCNTs in this review. Unless otherwise noted,

CNTs in this review refers to single-wall nanotubes.

While the atomic-structure-based enumeration using (n, m) indices is a natural

way to classify CNT species, it is not the only way to do so. An alternative is to

view CNTs as solid-state crystals and classify them according to their electronic

structures, or electronic bandgaps. CNTs are all made of carbon atoms locally

bonded in the hexagon geometry of graphene, but variations in the helical twist

angle (h) of the hexagons and in tube diameter (d) result in a diverse set of

electronic structures. On the basis of theoretical analysis [7–9] and experimental

observation [10, 11], all CNTs can be ranked in an order according to the width of

their electronic bandgap: armchair metallic tubes (n ¼ m; h ¼ 30�) with zero

bandgap; non-armchair quasi-metallic tubes (n� m ¼ multiple of 3; and n 6¼ mÞ
with small (\100 meV) but nonvanishing bandgaps that scale as cos(3h)/d2; and
semiconducting tubes (n� m 6¼ multiple of 3Þ with bandgaps that scale as 1/d. For

those who have a solid-state physics background, this classification is a very natural

one. However, for those who are trained in molecular science, it may not be clear if

such a classification offers any insight. It turns out that electronic-structure-based

(6,4)         (9,1)        (6,5)          (8,4)          (7,6)          (8,6)              (10,5) 

a

b

Fig. 1 a Structures of a few representative SWCNTs. b Photograph of a few purified DNA-dispersed
single-chirality carbon nanotubes. Reproduced from Ref. [6] with permission
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classification makes a lot of sense from chemistry point of view. Chemical reactivity

correlates with electronic structure in general and with bandgap in particular. And

because of this correlation, bandgap-based sorting of CNTs is made possible.

1.3 Special Challenges in CNT Sorting

If CNTs were readily soluble in either water or some organic solvents under mild

conditions, then many existing separation techniques would be directly applicable to

CNT sorting. Unfortunately, the strength of van der Waals interaction among CNTs

is very high (*eV/nm), rivaling that of covalent bonds [12, 13]. This imposes a first

challenge in CNT sorting. A prerequisite for CNT sorting is to disperse CNTs in a

liquid medium. Many chemicals can disperse CNTs to some extent, but only a few

are useful for separation. This is because there are stringent conditions a dispersion

has to meet to enable separation: (1) CNTs have to be in singly dispersed state; (2)

to enable atomic-structure-based sorting, the coating layer should not add any more

degree of polydispersity. A dispersed CNT is covered by a surface assembly of

dispersant molecules. If the structure or the conformation of such an assembly

armchair line

(0,10) (10,0)(5,5)

(5,6) (6,5)

(1,9) (2,8) (3,7) (4,6) (6,4) (7,3) (8,2) (9,1)
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Fig. 2 A full chirality map of SWCNTs showing both left- and right-handed species

Top Curr Chem (Z) (2017) 375:13

123133Reprinted from the journal



adopts multiple forms at room temperature, it will create another level of

polydispersity that impedes sorting. Therefore, an ordered coating structure is

necessary for atomic-structure-based sorting. This is the reason why only a small

number of surfactants, and a small percentage of single-stranded DNA (ssDNA)

sequences can be used for atomic-structure-based sorting. For bandgap-based

sorting, the demand on coating layer structure appears to be less stringent. We will

elaborate on this point in later part of the review.

2 A Brief Account of the CNT Sorting Methodologies

Even though the discovery of SWCNTs were reported in 1993 [14], and the

structure polydispersity problem recognized soon after, serious efforts on sorting did

not take place until the turn of the 21st century. To feel the mood of the time, let us

read a few lines from the foreword page of an edited book [15]:

‘‘(Carbon nanotube) is a new species in organic chemistry, and possibly in

molecular biology as well, a carbon molecule with the almost alien property of

electrical conductivity, and super-steel strength.

Can it be sorted by diameter and chirality?

Can a single tube be cloned?

Can it be grown enzymatically?

Can it be assembled by the molecular machinery of living cells?

Can it be used to wire a brain?

There is no way of telling at this point.’’—Richard Smalley (2001)

Evidently, Smalley was not sure at the moment if sorting could possibly be

accomplished. Also easily discernible is his overwhelming anticipation of the

interplay between carbon nanotube and biology. Smalley was certainly not alone in

thinking about these issues. Around the same time in the now extinct DuPont

Central Research and Development, a research project on bioelectronics was

established, aiming at, among a few other things, adopting biomolecular recognition

methods to solve the CNT sorting problem. Some of the team members explored

peptide selection by phage display [16], whereas we (i.e., the author and his

colleagues and associates) carried out in vitro selection of DNA sequences for CNT

recognition [17].

2.1 Ion Exchange Chromatography (IEX) Separation of DNA-
and Surfactant-Coated CNTs

In 2003, the DNA-based approach resulted in the first clear evidence that CNTs can

indeed be separated by their electronic and atomic structures [17, 18]. Around the

same time, a number of other reports appeared, showing some evidence of

separation by centrifugation [19] and dielectrophoresis [20]. Looking back on these

works, it’s fair to say that evidence for separation was mostly tentative, and results

were not that impressive by today’s standards. Shown in Fig. 3 is what we first

reported on using ion exchange chromatography (IEX) to separate DNA-wrapped
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CNTs (DNA-CNTs). Witnessing for the first time colorful CNT dispersion flowing

out of the IEX column was a truly exciting experience. Admittedly, the degree of

separation obtained was low. Nevertheless, the result indicated clearly that CNT

sorting is a solvable problem.

In addition to CNT sorting, we also took advantage of the newly purified CNT

materials to study redox property of CNTs [21], which turns out to be essential in

semiconducting/metallic (S/M) CNT separation. To take advantage of the observed

bandgap-dependent redox effect, we employed a charge-neutral surfactant Triton

(TX)-405, and achieved S/M separation of the TX-405 dispersed HiPco high-

pressure CO disproportionation synthesis) material via IEX. This work was reported

in a chapter in a monograph published in 2005 [22], but did not receive much

attention at all. A very recent work by Wang et al. shows that IEX separation of TX-

405 dispersed CNTs is indeed an effective way to obtain S/M separation [23].

In 2009, IEX-based separation of DNA-CNTs yielded many single-chirality

semiconducting species (Fig. 4a) (unfortunately circular dichroism spectroscopy

was not conducted to assess enantiomer enrichment, which is most likely the case in

hindsight.) [24]. This was achieved by selecting from the vast ssDNA library

specific sequences, each of which allows purification of a specific (n, m) species. In

2011, the approach was extended to the purification of armchair metallic tubes

(Fig. 4c) [25].

Fig. 3 Early evidence of sorting DNA-CNTs by the IEX method. Reproduced from Ref. [17] with
permission. a Optical absorption spectra of two fractions collected. b Photograph showing the two
collected fractions having different colors. c Molecular dynamics structure model of a polyT wrapped on
a (10, 0) tube
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IEX separates DNA-CNTs based on their differential adsorption and desorption

onto chemically functionalized resins packed in an IEX column (Fig. 5). The choice

of ssDNA sequence for CNT wrapping plays a key role in the separation process:

the wrapping structure of ssDNA may be ordered or disordered depending on the

ssDNA sequence and the SWCNT chirality, resulting in differential adsorption and

retention of different types of CNTs when they are eluted by a salt gradient

[17, 18, 24, 26, 27]. Initially, an electrostatic interaction-based separation

mechanism was proposed for the low-resolution electronic-type and diameter

separation observed in earlier work [28]. However, observations from purification of

single-chirality nanotubes had led to the proposal that other factors, such as

hydrophobic and van der Waals interactions between DNA-CNTs and IEX resin

may be more important in the IEX separation of single-chirality CNTs when short

ssDNA sequences are used [24, 27].
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Fig. 4 Purification of CNTs with defined helicity with the aid of specific DNA sequences. a Absorption
spectra of twelve purified semiconducting CNT species. b Molecular dynamics model of the recognition
sequence ATTTATTTATTT wrapped on a (8, 4) nanotube. Reproduced from Ref. [24] with permission.
c Absorption spectra of two metallic armchair tubes purified by using specific DNA sequences evolved
from those previously identified for semiconducting tubes. Reproduced from Ref. [25] with permission
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2.2 Density Gradient Ultracentrifugation (DGU)

In 2005 and 2006, a big boost to the field of CNT sorting was provided by the Mark

Hersam group. They found that DGU, a well-established biochemical separation

method, can be adopted for the separation of CNTs. The first demonstration of the

DGU method on CNT separation was performed on DNA-CNTs [29]. Shortly

thereafter, Arnold et al. discovered that DGU can also separate sodium cholate (SC)

and sodium deoxycholate (SDC) -dispersed CNTs [30] by their electronic structures

and diameters (Fig. 6) [31]. This work stimulated many follow-up studies by many

groups around the world [32–37]. A significant advancement was made by the

Bruce Weisman group, showing separation of a number of single-chirality

semiconducting tubes with simultaneous enantiomer enrichment [34]. Resolving

the structure difference by gravitational force is conceptually simple and appealing.

Probably the most significant finding of the DGU-based CNT sorting is the

demonstration that surfactant coating and its hydration structure are dependent on

the atomic and electronic structures of CNTs. This phenomenon, even though still

not understood quantitatively, has been exploited successfully by CNT sorting

methods developed later, including gel chromatography and aqueous two-phase

(ATP) extraction.

DGU has captured the imagination of many researchers. Different structures

ought to have different densities, and therefore using centrifugal force to separate

them makes sense qualitatively. Quantitatively, however, the buoyant density of a

colloidal particle is critically dependent on its surface coating, hydration layer and

counter-ion distribution, in addition to the intrinsic density of the particle core

[38, 39]. Interpreting the outcome of DGU separation is by no means straightfor-

ward. From an energy efficiency point of view, DGU may not be the best way for

CNT separation, since centrifugal force is much weaker than the electromagnetic

force underlying molecular interactions.
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2.3 Selective Extraction in Organic Solvents by Conjugated Polymers
and Small Molecules

In 2007, the Robin Nicolas group reported the use of polyfluorenes (PFO) to achieve

selective dispersion of semiconducting CNTs in organic solvents [40]. This was

another landmark advancement in CNT sorting. In the early report, the yield of the

dispersed semiconducting tubes was very low, but the absorption spectrum showed

remarkably low metallic features and sharp peaks from semiconducting tubes only

observable with highly purified tubes (Fig. 7). This approach was quickly adopted

and further developed by a number of groups [41–47]. Shown in Fig. 8 is the result

reported by Mistry et al., demonstrating effective extraction of large-diameter

semiconducting tubes by PFO derivatives [48]. Similar results were also reported by

others. Recent studies show that selective extraction can be achieved by not only

conjugated polymers but also small aromatic molecules (e.g., N-dodecyl isoallox-

azine [49] and thiophene-substituted hexaazapentacene [50]). This finding opens up

the possibility of designing and synthesizing many other small aromatic molecules

for selective dispersion. The simplicity of the selective extraction process, and the
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Fig. 6 DGU separation of surfactant-coated tubes by diameter and metallicity. Reproduced from Ref.
[31] with permission
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high purity of extracted semiconducting tubes are all very impressive. These

attributes make the selective extraction method arguably the most effective one to

obtain electronic-grade semiconducting tubes for device applications. The mech-

anism of the selective extraction has long been elusive. In addition to the apparent

importance of dispersants, solvent choice also affects the degree of selective

dispersion. Our recent study shows that redox plays a key role in the selective

extraction, suggesting a common mechanism governing both selective extraction in

organic phase and S/M separation in aqueous phase [51]. We will present an in-

depth discussion of the mechanism in later part of the review.

2.4 Gel Chromatography

In 2009, a chromatography-based separation approach different from IEX emerged.

Polysaccharide gel is a common separation media used by biochemists. By exposing

surfactant-coated CNTs to the gel media, Tanaka and his coworkers [52] observed

Fig. 7 PFO extraction of semiconducting tubes. Reproduced from Ref. [40] with permission. a PFO
molecular structure used for the selective extraction. b Absorption spectra of the PFO dispersed CNTs
(black trace), and that of the SDBS dispersed CNTs (red trace)

Fig. 8 Efficient selective
extraction of large-diameter
semiconducting tubes by PFO
derivatives. LV: laser
vaporization SWCNTs, PFO-
BPy: poly[(9,9-dioctylfluorenyl-
2,7-diyl)-alt-co-(6,60-{2,20-
bipyridine})] (PFO-BPy), PFH-
A: poly[(9,9-dihexylfluorenyl-
2,7-diyl)-co-(9,10-anthracene)].
Reproduced from Ref. [48] with
permission
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an intriguing phenomenon: semiconducting tubes were found to be more strongly

attracted by polysaccharide gels than metallic tubes. This allowed simple extraction

of semiconducting tubes (Fig. 9). Around the same time, Moshammer et al. reported

essentially the same phenomenon using gel chromatography column packed with

polysaccharide gel beads [53]. Conceptually, gel chromatography is equivalent to

multistep gel extraction. Later on, the Kataura group has carried out an extensive

investigation to show that hydrogel/CNT binding can be influenced not only by

metallicity but also by diameter and chirality, depending on the choice of surfactant

composition. This allows helicity separation (Fig. 10) [54], and handedness

separation [55]. Over the past several years, the Kataura group has made impressive

demonstration of large-scale separation of single-chirality species via the gel

chromatography method [54, 56, 57]. A challenge this method is currently facing is

its inability to separate metallic tubes. This, however, can in principle be overcome

by trying new stationary phase gel compositions or new mobile phase compositions.

2.5 Aqueous Two-Phase (ATP) Extraction

Applying the ATP extraction method to CNT sorting was first reported by us in

2013 (Fig. 11) [58]. The ATP extraction method, pioneered by Albertson [59], uses

polymer–polymer phase separation to create two immiscible aqueous phases of

slightly different physical properties. The formation of an ATP system itself

represents an important mode of separation, driven by the homophilic character (i.e.,

like attracts like) of van der Waals force. In ATP extraction, any difference in

solvation energy for a given analyte leads to its uneven distribution across the two

phases. This provides a mechanism for sorting a complex mixture of analytes. The

conceptual linkage between two-phase partition and chromatography is well known

in separation science [1], but the way we arrived at the method was through the

investigation of the effect of water-soluble polymers on the solubility of DNA-CNT

colloids [60]. The ATP extraction method is scalable, and relies entirely on

homogeneous molecular interactions to achieve separation. It is applicable to both

surfactant-coated and DNA-CNTs. The appearance of the ATP method continues

the trend of moving away from instrumentation-based, external field driven

processes to spontaneous, molecular force driven CNT separation processes.

Fig. 9 Selective extraction of semiconducting CNTs from surfactant-coated CNTs by agarose gel.
Reproduced from Ref. [52] with permission
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A number of publications have demonstrated the versatility of the ATP

separation approach and some of its unique advantages over other separation

schemes [51, 58, 61–65]. These include robust chirality- and S/M separation for

both small- and large-diameter CNTs (Fig. 12) [51, 62, 63, 65], and the possibility

Fig. 10 Atomic-structure-based CNT sorting by gel chromatography. a Multigel overloading scheme for
CNT sorting. b Optical spectra of some collected fractions and the starting material. c Photograph of large
volumes of collected fractions. Reproduced from Ref. [54] with permission

Fig. 11 ATP separation of surfactant-coated CNTs. a Schematic of ATP separation. b Optical absorption
spectra of fractions obtained from ATP separation of small-diameter tubes. c Optical absorption spectra of
metal- and semiconductor-enriched fractions obtained from ATP separation of large-diameter tubes.
Reproduced from Ref. [58] with permission
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of automated multistage separation in the form of counter-current chromatography

[64]. Recently, by applying ATP to the DNA-CNTs, we are able to purify CNTs of

defined handedness and helicity from all three electronic types [6]. This marks a

new milestone in the CNT sorting research.

ATP overcomes a number of issues faced by chromatography-based methods in

general. First, the surface chemistry of the polymer beads that constitute the

stationary phase is difficult to control, and as a result inhomogeneous broadening of

the interaction between the stationary phase and CNT colloids is often unavoidable.

Secondly, the polymer beads change over time due to irreversible adsorption of

CNT colloids. In ATP, conceptually we replace the stationary and mobile phases

with an aqueous two-phase (ATP) system, and achieve separation by using

preferential affinity to one of the two aqueous phases. ATP confers a number of

advantages: (1) both phases are homogeneous, leading to elimination of inhomo-

geneous broadening in molecular interactions and thus improvement in resolution;

(2) partition depends on solvation energy difference between two similar phases of

microscale volumes, resulting in cancellation of many extrinsic factors (e.g., length)

and higher reproducibility. These improvements are critical for achieving simul-

taneous resolution of handedness and helicity via ATP selection. In addition to its

technical utilities, the ATP method exposes the physical mechanisms of sorting

more clearly than other approaches, enabling us to identify common factors

underlying all sorting methodologies.

Fig. 12 Diameter separation of surfactant-coated large-diameter CNTs by ATP. a Absorption spectra of
fractions obtained from metallic starting material. b Absorption spectra of fractions obtained from
semiconducting starting material. Reproduced from Ref. [65] with permission
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3 Sorting Mechanisms

Fifteen years of experimental exploration of CNT sorting has led to the discovery of

an array of spectacular phenomena. From highly selective dispersion of semicon-

ducting nanotubes by PFO and its derivatives, to highly efficient helicity and

handedness selection by specific DNA sequences, these are remarkable observations

that beg for a quantitative understanding. Our hope is that someday we will have the

ability to design organic polymers or small molecules to extract nanotubes of a

particular bandgap with high yield, and the ability to predict the right DNA

sequence for the isolation of a specific (n, m) tube.

A quantitative understanding of the sorting mechanism presents many challenges

at this moment. Solid-state physicists may be sympathetic to the difficulty we

molecular scientists are facing: CNT sorting is a physical/chemical process

occurring in liquid state involving many different types of molecules, with many

more degrees of freedom than processes occurring in a crystalline lattice. The

fundamental issue we are encountering is how to treat the triangular interactions

among the nanotube, the solvent, and the dispersant molecules. In the case of DNA-

based separation, we have to additionally deal with the macromolecular folding

problem—one of the hardest in molecular science.

The place to start then is a qualitative understanding of the sorting mechanism.

Even this is not a trivial task, otherwise someone as brilliant as Smalley should not

fail to foreseen the possibility of CNT sorting 15 years ago. On the other hand, the

large body of experimental observations accumulated so far shows that CNT sorting

can be accomplished via multiple routes, suggesting strongly that our success in

sorting CNTs is guaranteed by certain robust and dominant physical and chemical

interactions that override many other factors. Our task is to reveal this inevitability

in terms of molecular interactions.

3.1 Solvation Structure, Solvation Energy and its Distribution

Some level of simplification is needed in order to proceed. Sorting is a complicated

molecular process involving many factors. We divide them into intrinsic factors that

are ultimately responsible for the structural and energetic difference among different

CNT colloids, and extrinsic factors (e.g., centrifugal density gradient, stationary

phases of chromatography, and polymer phases in ATP) that resolve the intrinsic

differences. Our basic assumption is that the intrinsic difference in solvation energy,

which originates from the structural difference of CNTs, is responsible for the

outcome of sorting; and various separation techniques (e.g., chromatography, DGU,

and ATP) are merely different ways to translate the solvation energy difference into

spatial–temporal partition of different CNT species.

The intrinsic factors originate from the triangular affair among solvent molecules

(e.g., water, toluene), dispersant molecules (e.g., bile salts, TX-405, DNA, PFO),

and carbon nanotubes in the liquid state. Solvation energy measures the interaction

between the solvent and an individual dispersant-CNT colloid. In this review, we

define solvation energy as the amount of energy needed to transfer a solute from a
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hypothetical vapor phase to a solvent. Let’s examine the role of solvation in specific

sorting methods one by one. Probably the simplest case is the PFO extraction

method. Solvation energy in this case dictates the solubility of different CNT

species. Selective extraction is achieved by tuning the redox condition (see next

section for more details), such that the solubility of metallic species is reduced to

zero, and only semiconducting tubes remain soluble in the solvent. By further tuning

the redox condition to decrease solubility across the board, one can even achieve

single-helicity enrichment [41, 66]. Gel chromatography and ATP are conceptually

the same in the sense that two phases are used to bring out the intrinsic difference in

solvation (or hydration) energy. In the case of ATP, many studies have shown that

separation is driven by the difference in intrinsic hydrophobicity/hydrophilicity, or

solvation (hydration) energy among different analytes [67, 68]. Modulators are

needed to tune the relative solvation energy in the two phases so that differential

partitions can be achieved. DGU differentiates species directly by their buoyant

densities, which reflect their differences in hydration structure and hydration energy.

The intrinsic physical/chemical difference among different CNT structures

ensures that there will be a difference in their solvation energies (see Fig. 13a for

small molecule examples illustrating sensitive dependence of solvation energy on

molecules structure). To make sorting possible, the difference has to be on the order

of kT, where k is the Boltzmann constant and T temperature, to be experimentally

detectable. We argue that the chance for this to happen is pretty high if a dispersant

can successfully disperse CNTs into a solvent. Individual solvent/solvent, solvent/

dispersant, and dispersant/CNT interactions are all non-covalent in nature and all

fall conveniently in the range of &kT. Solvation of a CNT colloid involves 102–103

molecular interactions. Thus, having a few kT difference in solvation energy

between two different structures does not seem to be a low probability event. In

other words, by conducting our sorting processes in a liquid state, we are guaranteed

to have a high probability of success.

Another important issue to consider is the spread, or distribution of solvation

energy for a given CNT species (Fig. 13b). A distribution instead of a sharply

defined value for solvation energy arises because multiple copies of a dispersant

molecule are needed to cover a single tube, and the coating structure may adopt

many conformations if the adsorbed molecules lack coordination among them-

selves. This structural polydispersity inevitably creates a spread in the solvation

energy and may overwhelm the intrinsic difference among different nanotube

species. Selection of the right dispersants (DNA sequences and surfactants) to

ensure their ordered assembly on the surface of CNTs thus becomes very important

in atomic-structure-based sorting. It is also evident that if a species with a proper

coating is at one of the two extreme ends of the solvation energy spectrum (Fig. 13),

it will have lower probability to overlap with others and higher chance to be

purified.

What about solvation energy variation caused by CNT length distribution? CNT

dispersions made by sonication or by any other means inevitably have a broad tube

length distribution. One would think that effect of length polydispersity might easily

overwhelm that of chirality polydispersity, making it difficult to achieve atomic- or

electronic-structure-based CNT sorting without first narrowing length distribution.
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Indeed, the interaction energy between a CNT colloid and its solvent or an external

field scales linearly with the tube length. But precisely because of this universal

linear scaling, length effect largely cancels out in equilibrium-based CNT sorting.

For instance, in DGU separation, the equilibrium position of a CNT in the density

gradient is not dependent on its length. For other types of separation such as

chromatography and ATP, sorting is achieved through equilibrium partition of

CNTs in two different phases; the equal partition point, where the chemical

potentials of a tube in the two phases are equal, is also independent of tube length.
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structures but drastically different solubilities in water [69]. b Schematic showing solvation energy (in
aqueous phase) distribution of individual (n, m) species, and ranking of solvation energies in a mixture of
CNTs
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Therefore, to a first approximation length variation does not affect the outcome of

the CNT sorting. Nevertheless, length control through size-exclusion chromatog-

raphy [70, 71] or polymer precipitation [60] does reduce higher-order length effects

and improve the resolution in atomic- or electronic-structure-based CNT sorting

[26, 72].

3.2 Electronic-Structure-Based Sorting via Redox Tuning

Perhaps the best understood separation process is electronic-structure-based sorting,

or more specifically bandgap-based sorting with S/M sorting as a narrower case. In

this section, we discuss the mechanism of bandgap-based sorting via redox tuning of

solvation energies.

3.2.1 Redox Chemistry of CNTs

In Sect. 1.2, we have introduced electronic-structure-based nanotube classification.

The bandgap-based nanotube ranking manifests itself in solution phase CNT redox

chemistry, a research subject started over a decade ago with the emergence of

effective nanotube dispersion and separation methods. Strano et al. first observed

that dissolved oxygen at low pH suppresses CNT optical absorption and resonance

Raman cross sections in a bandgap-dependent fashion: metallic tubes are more

sensitive than semiconducting tubes, and among the latter, the smaller-bandgap/

larger-diameter tubes are more sensitive than larger-bandgap/smaller-diameter tubes

[73]. Shortly after, we showed that outer sphere electron transfer between CNTs and

small-molecule oxidants also exhibits the same bandgap dependence, and we

interpreted the oxygen- and pH-dependent optical response as the result of an outer-

sphere electron transfer redox reaction between CNTs and oxygen [21]. Many

ensuing studies have aimed at determining the redox potential of CNTs and its

correlation with bandgap [74, 75]. To understand the role of CNT redox chemistry

in sorting, it is useful to take a note from the classical coordination chemistry of

transition metal ions, where ligand modulation of redox potential and ligand

reorganization upon electron transfer are abundantly documented. If we view a

dispersed CNT as a coordination complex, coupling is expected between the

nanotube and the coordinating coating layer in electron transfer reactions (Fig. 14).

Fig. 14 Schematic illustration of coating layer structure change induced by electron transfer between a
CNT and a redox reagent. Reproduced from Ref. [51] with permission
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3.2.2 Evidence for the Role of Redox in Bandgap-Based Sorting

The role of redox in CNT sorting is best illustrated in the ATP separation of

surfactant-dispersed CNTs. Figure 15 shows the redox modulation of CNT partition

in a polyethylene glycol (PEG)/dextran (DX) system [51]. Arc-discharge CNTs

were used in this particular experiment, but similar results were also observed for

nanotubes with other diameter ranges. As shown in Fig. 15, five distinct partition

regimes can be created under different redox conditions: (1) a ‘‘reduced’’ regime,

where both metallic and semiconducting tubes are found in the bottom DX phase;

(2) a ‘‘semi-reduced’’ regime, where metallic and semiconducting tubes are found in

top PEG and bottom DX phase, respectively; (3) an ‘‘ambient’’ regime, where both

metallic and semiconducting tubes are found in the top PEG phase; (4) a ‘‘semi-

oxidized’’ regime, where metallic and semiconducting tubes are found in DX and

PEG phase respectively, reversing the partition found in the ‘‘semi-reduced’’

regime; (5) an ‘‘oxidized’’ regime, where both semiconducting and metallic tubes

are pushed to the bottom DX phase. By exploiting the redox modulation, one can

obtain S/M separation with further bandgap-based fractionation of semiconducting

tubes (Fig. 16).

In the same study, we have shown that bandgap-dependent sorting goes beyond

semiconductor fractions. Figure 17 shows the absorption spectra of four succes-

sively extracted metallic fractions M3 to M6 from the metallic fraction. Raman

radial breathing mode (RBM) profiles of M3 and M6 reveal that M6 has more RBM

peak intensities from armchair or near-armchair tubes. This implies that M3 is

enriched in smaller-diameter and non-armchair metallic tubes with higher cos(3h)/
d2 values, whereas M6 is enriched in armchair or near-armchair and larger-diameter

tubes with lower cos(3h)/d2 values. Taken together, our results demonstrate that the

oxidative extraction process purifies CNTs in the order of large bandgap

semiconducting tubes, small bandgap semiconducting tubes, semi-metals of non-

zero bandgap, and armchair tubes of zero-bandgap.

The redox effect is not just operative in the ATP separation process. As a matter

of fact, right after solution redox chemistry of CNTs was revealed [21], it was

shown that redox can be exploited for S/M sorting of TX-405 dispersed CNTs [22].

A recent study by Wang et al. further illustrates the effectiveness of redox-

controlled S/M separation of TX-405 dispersed CNTs via IEX [23]. Redox sorting

has also been observed for double-wall carbon nanotubes via the ATP process [76],

Fig. 15 Redox modulation of nanotube partition in a PEG/DX two-phase system. Reductant used in the
experiment is NaBH4 and oxidant used is NaClO. Reproduced from Ref. [51] with permission
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again demonstrating the generality of the redox-based mechanism. A number of

reported pH- and oxygen-dependent separation phenomena in DGU [77, 78] and gel

chromatography [79, 80] are most likely due to redox-triggered coating layer

reorganization. In the case of DGU, we have shown explicitly that redox conditions

strongly modulate separation outcome [51].

We find that redox also affects selective CNT dispersion in organic solvents. PFO

and its derivatives have been used for efficient extraction of semiconducting tubes in

non-polar solvents [40]. The mechanism of the selective extraction remains elusive

despite many investigations. We have examined a few commercially available PFO

derivatives for the dispersion of various sources of CNTs. In all cases, we find that

oxidizing condition enhances selective dispersion with a concomitant lowering of

dispersion yield, whereas reducing condition does just the opposite (Fig. 18). Our

findings show that solubility of polymer-wrapped CNTs in organic solvents is

Fig. 16 Bandgap-based sorting of HiPco nanotubes by successive oxidative extraction. a Separation
scheme and photographs of extracted fractions. b Optical absorption spectra of the parent HiPco material
and fractions successively extracted from a PEG/DX ATP system with the aid of NaClO. ‘‘S1’’ and ‘‘S2’’
are two successive fractions extracted into the top PEG phase from the starting material, nanotubes
remaining in the bottom DX phase are labeled ‘‘M’’ fraction. Reproduced from Ref. [51] with permission

Fig. 17 Spectroscopic evidence for bandgap-based sorting of metallic fractions by redox modulation.
a Absorption spectra of successive metallic fractions extracted by ATP. b Resonance Raman spectra of
the M3 and M6 fractions. Reproduced from Ref. [51] with permission
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strongly dependent on the redox status of the solvent environment. Ambient redox

condition fortuitously enables certain polymers to selectively extract semiconduct-

ing tubes under a narrow polymer/CNT mass ratio. Our findings also suggest that

controlled oxidation may be used to enhance the semiconducting tube selectivity for

those polymers [81] that lack the capability under ambient conditions.

3.2.3 Molecular Mechanism of Redox Sorting

Observations presented above suggest that oxidation somehow creates a ranking of

solvation energy for CNT colloids according to their electronic bandgaps (Fig. 19).

In each sub-population defined by similar bandgap, there are many CNT species of

different atomic structures. A key question is, why the effect of atomic structure on

Fig. 18 Absorption spectra of HiPco SWCNT dispersions in toluene made with same amount of
poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,600-{2,20-bipyridine})] (PFO-bipy) and CNT but under
different redox conditions. Blue trace dispersion made with 10 mM vitamin E added to the PFO-bipy/
CNT mixture; black trace control dispersion with no redox agent added; red trace dispersion made from
the control by adding small volume of water, then bath sonication and centrifugation to remove the newly
formed aggregates. Reproduced from Ref. [51] with permission

metallic quasi-metallic
small bandgap 
semiconductor

large bandgap 
semiconductor

Solvation energy

Fig. 19 Redox-induced solvation energy differentiation. Without redox modulation, solvation energy for
different types of CNTs overlap. Upon oxidation, coating structure change results in differentiation of
solvation energy
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coating structure and solvation energy in this case becomes less important? What

physical mechanism supersedes the atomic-structure-dependent interactions in this

case? It appears that the long-range, strong electrostatic interaction is the dominant

effect to consider. For CNTs coated by charge-neutral dispersants (PFO, TX-405),

this ranking can be explained by the degree of charging upon removal of electrons

from CNTs. This has been clearly demonstrated in the S/M sorting of TX-405

dispersed CNTs, where preferential charge accumulation in metallic tubes was

exploited by IEX separation [23]. For PFO-dispersed CNTs in a non-polar solvent,

metallic tubes are also preferentially charged via oxidation, which leads to an

increase in solvation energy and decrease in solubility. The low dielectric constant

of the non-polar solvent certainly enhances the electrostatic charging energy,

creating a large enough solvation energy/solubility difference between metallic and

semiconducting tubes so that they can be separated at the dispersion stage.

For CNTs coated by charged dispersants in water, we can model the resulting

CNT colloids by a rigid rod of polyelectrolyte. We then consider the effect of redox-

induced charge density change on the solvation energy of the polyelectrolyte. In

general, the strong and long-range electrostatic interaction dominates the physics of

polyelectrolytes in water [82, 83]. An important consequence is the counter ion

condensation along a linear rod of polyelectrolyte [83]. This explains why a

polyelectrolyte may have a very low level of ionization even if its constituent

monomers are strong electrolytes themselves. In considering solvation of CNT

colloids coated by charged dispersant molecules, one has to treat the condensed

counter ions as an integral part of the coating layer. A number of experimental

observations clearly demonstrate this. For instance, we have observed that crown

ether, a metal ion chelator, greatly reduces the hydrophilicity of SDC- and DNA-

coated CNTs. A recent study also shows that varying ionic strength can alter

buoyant density of SDC-coated CNTs [39]. Based on these considerations, we

suggest that CNT oxidation reduces the overall negative charge on a CNT, which

leads to the release of condensed counter ions, which further leads to a decrease in

its solvation energy. The situation is analogous to solubility increase of a weak

electrolyte (e.g., acetic acid) when its degree of ionization is increased. Since the

extent of CNT oxidation is bandgap-dependent, we expect solvation energy to be

differentiated according to bandgap as shown in Fig. 19. Because of high dielectric

constant of water, the magnitude of solvation energy change may be smaller than

that seen in PFO-dispersed CNTs upon oxidation, but large enough to be detected.

What is the requirement on CNT dispersant for redox enabled bandgap sorting?

On the one hand, the binding affinity of the dispersant to CNT should be strong

enough to ensure CNT colloidal stability. On the other hand, the resulting coating

layer should be relatively loose to allow the following events to take place: (1) the

CNT atomic-structure-dependent solvation is diminished; and (2) redox molecules

such as dissolved oxygen have access to nanotube surface for electron transfer

reaction. Consistent with this analysis are a number of observations: (1) sodium

dodecyl sulfate (SDS), a weak surfactant, enables S/M sorting; (2) the stronger

surfactant SC by itself does not support S/M sorting, but a combination of SC/SDS

does; (3) only specific DNA sequences allow S/M sorting, but DNA/sodium

dodecylbenzenesulfonate (SDBS) combination enables S/M sorting almost
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independent of sequence choice [84]; and (4) the strongest surfactant SDC does not

seem to support S/M sorting.

3.3 Atomic-Structure-Based Sorting via Ordered Coating Structure
Formation

It should be noted that the bandgap-based CNT sorting we have just discussed is not

a complete solution to the CNT sorting problem. This is because there are structural

degeneracies in bandgap-based classification: armchair metallic tubes of different

diameters all have zero bandgap, semiconducting tubes of the same diameter but

different chiralities have the same bandgap to first approximation, and an

enantiomeric pair of CNTs have indistinguishable electronic structure. To achieve

complete separation of CNTs, one has to resort to atomic-structure-based sorting, or

chirality sorting as typically called. Experimental procedures for atomic-structure-

based sorting have been developed for CNTs coated with either small-molecule

surfactants or specific DNA sequences. To discuss the sorting mechanism, we again

consider solvation energies of a mixture of CNT colloids dispersed by a small-

molecule surfactant or a DNA sequence. For a given (n, m) tube, its solvation

energy in general has a distribution that can be characterized by a mean value and a

linewidth. The distribution originates from many possible molecular configurations

of the adsorbed molecules. If the adsorbed molecules display a certain degree of

coordination through their interactions with each other and with the CNT surface,

then that will give the CNT species some degree of order in the coating structure,

yielding narrower solvation energy distribution, less probability of overlap with

other species, and a greater chance to be isolated. In addition, if a CNT species has

an extreme solvation energy value among all the species, it will have an even better

chance to be isolated. The key to atomic-structure-based sorting is to find the right

dispersant that will form an ordered coating structure on at least a subgroup of CNT

species.

In the case of surfactant-coated CNTs, we know that SC is good for S/M

separation and the stronger surfactant SDC is good for chirality sorting. A weaker

binding surfactant creates a fuzzy coating and a spread in solvation free energy. A

stronger binding surfactant may produce better defined coating structure and sharper

distribution of solvation free energy. Because surfactant molecules are small

relative to the size of the CNT surface, many copies of surfactant molecules are

needed to tile the CNT surface. A small change in CNT structure can be

accommodated by a small change in the surfactant assembly without too much

frustration. As a result, we expect the solvation energy of surfactant-coated CNTs to

change as a smooth function of CNT chirality and diameter. The advantage of this is

that a single surfactant may be used for the chirality sorting of many CNT species,

the disadvantage is that overlapping in solvation energy may limit resolution and

purity.

In the case of the DNA-coated CNTs, the importance of DNA sequence to obtain

ordered structures is made abundantly clear by many observations

[6, 17, 18, 24, 25, 61]. Certain special sequences can not only form an ordered

structure on specific (n, m), thus narrowing the solvation energy distribution, but
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also make the mean solvation energy to be on one of the two extreme ends of the

solvation energy ranking (Fig. 13). In contrast to the surfactant case, the coating

structure and solvation energy of DNA-CNT colloids can change abruptly in the

chirality space, since tiling a cylindrical surface by a set of molecules of comparable

size is intrinsically difficult, and a well-folded structure is an exception rather than a

rule. A number of molecular dynamics (MD) simulation studies have demonstrated

this point. For instance, Roxbury et al. have compared the folding structure of

(TAT)4 on two CNT species (Fig. 20) [85]. It is evident that dramatic changes occur

when we go from one CNT species to another. The ordered folding structure in

(TAT)4-(6, 5) appears to be established by inter-strand interactions mediated by a

hydrogen-bonding network.

Handedness resolved CNT separation is perhaps the best example to illustrate the

mechanism of atomic-structure-based separation. Here, both left-handed and its

mirror-image right-handed CNT have the same electronic structure, and mecha-

nisms responsible for bandgap-based sorting cannot be operative. We have recently

observed that DNA-based sorting by ATP almost always yields simultaneous

control of both handedness and helicity when a proper sequence is chosen (Fig. 21).

A DNA-CNT is selected when it is partitioned into either the top or bottom phase

exclusively, and is well separated from other species (Fig. 21a). This implies that

hydration energy of the selected species should have not only an extreme value

[67, 68] but also be well separated from those of other DNA-CNT species. This,

given the sensitivity of hydration energy to minute structure variations [58, 61],

requires the selected species to have minimum structural variation, or minimum

conformational entropy, to avoid overlapping partition with other species. Thus,

minimum conformational entropy is an implicit selection criterion. Two sources of

structure variation contribute to the conformational entropy of a DNA-CNT. First, a

CNT may have either left- or right-handed configurations. Second, DNA folding

may have a distribution of conformations populated at room temperature. Reducing

ambiguity in CNT handedness is one way to minimize conformational entropy;

another is to have a DNA sequence that adopts well-defined folding conformation

and chiral character, commensurate with the encased CNT. We suggest that both

need to happen in order to ensure selection of CNTs with defined handedness. This

case is analogous to the folding of biopolymers where substrate stereo-selectivity is

a natural outcome of a well-folded structure built by homochiral monomers.

Fig. 20 MD simulation results demonstrating sequence-dependent wrapping of CNTs by DNA.
Reproduced from Ref. [85] with permission
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Our current understanding of the chirality sorting mechanism discussed above is

far from complete. To enable chirality sorting, the binding interaction between a

dispersant and a CNT has to be sensitive to the chiral structure of the tube.

Computational analyses currently available have not pinned down the source of the

required chiral dependence. For instance, in the case of DNA, a quantum

mechanical calculation shows that nucleobase binding is not sensitive to the

chirality of the substrate CNT [86]. Perhaps it is the chiral sugar-moiety in the

backbone that gives rise to chirality-dependent DNA binding affinity to a CNT.

More studies on the chirality sorting mechanism are clearly needed.

3.4 Nanotube Length Effect on Atomic- and Electronic-Structure-Based
Separation

CNT dispersions made by sonication or any other means inevitably have a broad

range of tube length distribution. On first thought, one might think that length-

related structural polydispersity may overwhelm chirality polydispersity, making it

very difficult to achieve chirality sorting in samples with non-uniform length

distribution. Indeed, any molecular interaction, especially solvation interaction that

is believed to be the key differentiating factor, scales linearly with tube length.
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Fig. 21 Selection of CNTs of defined handedness and helicity. a ATP selection scheme and a few
examples. b Circular dichroism and optical absorption spectra of selected CNT species. Reproduced from
Ref. [6] with permission
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However, it is precisely because of this universal scaling that length effect becomes

secondary factor to consider in sorting. This is obvious for density-based separation,

because the density of a colloidal CNT is independent of its length. For other types

of separation such as chromatography and ATP, sorting is achieved through

equilibrium partition of a tube in two different phases. The equal partition point at

which the chemical potential of a tube in two phases are equal is independent of

tube length. This is why length polydispersity does not affect atomic- and

electronic-structure-based sorting to a first approximation. Nevertheless, a uniform

length distribution is beneficial. Length sorting can be achieved by hydrodynamic

radius-based sorting methods such as size-exclusion chromatography [36, 70, 87]. It

has been shown that length sorting does improve the resolution of chirality sorting

[26].

3.5 Resolution Limit of Atomic-Structure-Based Separation

From both a practical and theoretical point of view, it is important to know the limit

of our ability to separate CNTs by their atomic structures. Currently, most chirality

sorting methods are demonstrated for small-diameter tubes (B1 nm), and for species

with relatively high abundance. An increase in resolution is needed for atomic-

structure-based separation of larger-diameter tubes, and for purification of species of

very low abundance.

For simplicity, we consider single-stage separation. One can always use multi-

stage separation techniques such as chromatography to further improve the

resolution. As we discussed in the previous section, we rely on solvation energy

difference among different chiralities for separation. In the simplest case where a

mixture of two species of equal abundance is to be separated, we need a solvation

energy difference of kT between the two species. In general, the amount of

information needed for identifying a species of abundance a is log2ð1=aÞ, and if we

want to sort this species out of the mixture, we need a solvation energy difference

between this species and the rest to be kT log2ð1=aÞ [88]. Currently, by choosing the

right DNA sequences, we can purify a species with 0.1–1% abundance,

corresponding to a solvation energy difference of &10 kT. To be able to purify a

species at 10-6 abundance, we would need a solvation energy difference of&20 kT.

This is equivalent to a difference of two to three hydrogen bonds in a solvation

interaction that typically involves 102–103 hydrogen bonds. Given the practically

unlimited choice of DNA sequences, it does not seem impossible to reach this level

of differentiation by identifying the right DNA sequences.

A more reliable route for increasing the selectivity or resolution is to replace

solvating water molecules by a macromolecule of defined structure. Liquid water

has some structure, but not well defined. If there were a solvent medium that has a

better-defined structure, then solvation energy difference among different CNT

colloids could be increased. Here again, molecular recognition that is ubiquitous in

biology may provide a real solution. The most relevant biological example is gene

expression control. Living cells use special proteins called transcription factors to

recognize specific double-stranded DNA fragments with a degree of selective easily

exceeding 1 out of 106 [89]. Transcription factors achieve this feat via specific
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interactions with major/minor groves imbedded in the indistinguishable sugar-

phosphate backbone of double-stranded (ds) DNA. To a first approximation, dsDNA

is very much like DNA-CNTs, but the latter have more exposed and differentiable

surfaces. If we can evolve proteins to recognize specific DNA-CNT complexes, we

should be able to dramatically increase the selectivity. Synthetic mimics of

transcription factors such as sequence-controlled pyrrole-imidazole oligomers

[90–92] may provide an alternative path towards the same goal.

In summary, DNA-based separation may in the future be able to take advantage

of molecular recognition by proteins to achieve 10-6 selectivity, or even higher.

This should be useful for quantifying minute amount of metallic impurities in

electronic-grade semiconducting tubes, and to enable biomedical applications that

require specific targeting capability. Surfactant-based approaches may allow high-

resolution purification with up to 10-4 selectivity using chromatography approach,

but it is unlikely to compete with DNA–protein binding-based approach that

employs two layers of molecular recognition.

3.6 Evolvability of DNA-Based Sorting

Commercial oligonucleotide synthesis currently can make ssDNA strands as along

as 100 bases. The number of unique sequences available to us is thus on the order of

4100 or 1060—an infinite number for all practical purposes. The physical essence of

DNA-based CNT sorting is to control intermolecular interactions by the proper

choice of sequence. In this regard, it resembles many processes occurring in a living

cell, where intermolecular interactions are mediated by sequence-controlled

polymers, i.e., DNA, RNA and proteins. In our case, DNA sequence strongly

modulates intermolecular interactions during the CNT sorting processes. So far,

only a limited number of sequences (\800) have been tested for CNT sorting

[6, 24]. The overall rate of success, i.e., finding a recognition sequence, is around

5–10%. Once a recognition sequence is identified for certain (n, m) species, a bright

spot in the vast DNA sequence space is located. One can mutate the sequence to

explore the surrounding DNA sequence space for improvement, or for expansion in

function. This strategy has been used successfully for the purification of metallic

armchair tubes starting from known recognition sequences for semiconducting tube

purification [25]. Another example is the (TAT)4 sequence identified initially in the

IEX purification [24] of (6, 5) and later used in ATP purification of the same species

[61]. Recently, a mutation sequence—TTA TAT TAT ATT, was found to allow

both left-handed and right-handed (6, 5) tubes to be purified in a PEG/

polyacrylamide (PAM) two-phase system with very high yield [6]. In principle,

this cycle of mutation-improvement can be repeated over and over again towards

any desired level of purification. Thus, the DNA-based method provides not just a

static solution but also a clear path for continued improvement. In this sense, we say

it constitutes a complete solution to the CNT sorting problem.

The analysis presented above suggests a Mendelian/Darwinian way to look at

DNA-CNT partition in an ATP system—a many-body molecular system with

moderate complexity. We have called it a ‘‘single-gene molecular system’’ [61] to

reflect its strong sequence-dependent behavior and its evolvability. Suppose in the
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future we have gathered enough computing power and developed efficient

algorithms to handle the folding of macromolecules and their interactions with

water, it might be possible to perform a full-scale molecular dynamics and quantum

chemical calculation to completely determine the behavior of such a system at every

single spatial–temporal point—a Newtonian/Hamiltonian approach. How useful is

such an approach and at what cost? Would the information obtained over-saturate

our brain? Fortunately, our physical world is constructed in such a way that a

sequence-controlled polymer like DNA can couple to a complex molecular

assembly, and dictate to a large extent the behavior of the many-body system. The

sequence information is much easier to handle than a large pile of computation

output.

4 Future Directions

CNT sorting research has resulted in impressive progress in our ability to obtain

CNTs of defined structures. Purified CNTs have enabled many fundamental studies

and application developments. In CNT spectroscopy, this includes elucidation of

phonon-assisted exciton relaxation channels, K-momentum dark excitons, non-

Condon effect in resonance Raman excitation profiles, plasmon excitation,

resonance Raman cross-section dependence on chirality, to name by a few

[93–101]. Elsewhere, we find usage of purified tubes for redox [21] and

photochemistry [102], for defect chemistry and related applications in single-

photon sources and other photonic and optoelectronic devices [103–105], for FET

devices [31, 72, 106–108], biosensing and imaging, and for CNT cloning [3, 109].

Future improvement in CNT sorting in terms of separation efficiency, yield, and

resolution will undoubtedly take place driven by the growing demand for purified

CNTs. What we would like to do here is to speculate some additional areas of

research that may grow out of CNT sorting.

4.1 Sorting Other Types of Nanotubes

The rise of 2D materials raises the possibility of other typed of nanotubes. Both

graphene and single-layer boron nitride, two of the best-known 2D materials, have

their tubular structure counterparts. This makes one to wonder how many of other

2D sheets can also be rolled up to form tubular structures. Indeed, there are a

number of reports that indicate such a possibility. These include nanotubes from

misfit layered compounds [110, 111], and transition-metal dichalcogenide (MoS2,

WS2) nanotubes [112, 113]. If future work does produce a large family of 1D

tubular structures beyond CNTs and BNNTs, then for each member of this family

with a distinct chemical composition, there is a structure polydispersity issue and a

corresponding sorting problem that needs to be solved. At the dispersion level, we

expect that many surfactants successfully used for CNT dispersion should be

effective in dispersing other tubular structures. DNA should also be a good

dispersant since it is capable of stacking interactions through nucleotide bases with

many 2D materials. For instance, there are reports showing DNA base adsorption on
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MoS2 [114]. At the separation level, we expect both the bandgap-based and atomic

structure-based sorting mechanisms we have discussed should be applicable to other

tubular structures. As a matter of fact, none of the sorting mechanisms is specific to

the chemical composition of CNTs.

4.2 Quantifying Solvation Interactions

We have attributed the ultimate driving force of CNT sorting to solvation

interactions. Qualitatively, these interactions are electromagnetic in nature.

Quantitatively, how to determine the solvation energy experimentally and

computationally for a given object with defined geometry and surface coating is

an unresolved problem. In general, macromolecular interaction with water is a

fundamental problem in biophysics. What controls the hydrophobicity/hydrophilic-

ity level of a macromolecule? How do different salts and polymers affect solvation

in water? These are precisely the same questions we ask in the study of CNT sorting

mechanism. As a new family of macromolecules, CNT colloids have a number of

unique advantages over proteins and DNA: their structures can be varied

systematically with atomic precision, they have optical signatures that allow us to

easily identify and quantify them, and to monitor their movement. These are useful

features for deriving scaling laws [115, 116], and for designing controlled and

parallel experiments.

4.3 Expanding Functions of DNA-CNT Hybrids

CNT sorting is about the manipulation of molecular interactions, about using small

and macro- organic molecules to control the behavior of inorganic materials in liquid

phases. The atomic-structure-based CNT sorting is enabled by ordered coating

structures that modulate interactions with solvent media. We can expand the utility of

the ordered coating structures to the control of other interactions. Perhaps the most

enticing future direction is to use specific DNA sequences to control CNT surface

coating and many other properties associated with the nanotube. At the moment, we

do not understand the DNA code for CNT recognition. Trial-and-error approaches

have to be used to identify the right sequences. If someday we have acquired de novo

design capability, or more likely, mastered sequence selection process, we basically

know how to construct a hybrid of well-defined structure and property.

Can we select DNA sequences to confer CNT specificity to certain analyte? Can

we select DNA sequences to control covalent modification of CNTs? Can we use

DNA sequences to control electron transfer? Can we explore DNA photochemistry

by using DNA-CNT hybrids [117]? Can we convert CNT into a catalyst with proper

coating by DNA? Can we use DNA coating to enable stereochemistry of CNTs [6]?

To answer these questions, we should be reminded of the broader role played by

nucleic acids in the early stage of evolution, as revealed by the discovery of

ribozymes, and further illustrated by the aptamer technology, where ssDNA and

RNA sequences are identified to bind specifically to virtually any molecular target,

and/or to even perform catalysis [118, 119]. Also conceivable, but not demon-

strated, is the role of photochemistry of nucleic acids in early stage of evolution for
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converting sunlight energy into chemically useful forms. The hope is that inclusion

of a molecular-sized inorganic crystal with tunable electronic structure may greatly

enrich the chemical functions of DNA. The challenge is to find sequences that have

the dual function of differential CNT binding and specific response to certain

molecular target, but conceptually there is no fundamental barrier to accomplishing

this.

Can we improve the fluorescence quantum yield of semiconducting CNTs by

proper DNA coating? Can we use DNA to control the spin state of electrons in

transport [120, 121]? Can we use DNA sequences to control electron–electron

interactions in order to create new phases of electronic state [122]? These questions

deal with control of quasi-particle interactions inside a CNT. Here we are entering a

territory with too much unknowns. How strong is electronic coupling between DNA

and CNT? How much of modulation can we expect from sequence to sequence?

Can we intercalate small-molecule species (e.g. dyes) between DNA and CNT to

augment such interactions? Essentially we are trying to test if a proper choice of

surface coating can alter the physical properties of CNT in a substantial way. Some

relevant theoretical studies have been conducted [120, 123, 124], but more

experimental and theoretical explorations are needed in this direction.

In general, inorganic electronic and optical materials are traditionally processed

and investigated by the top down approach, relying heavily on man-made

instrumentations. As the size of inorganic materials becomes comparable with that

of macromolecules, molecular-based processing approaches will become more

effective, resembling more and more biochemical processes occurring in a living

cell. In this context, the use of DNA and proteins to manipulate CNT becomes an

obvious choice. Our ability to sort CNTs by DNA illustrates its utility beyond the

conventional domain of biology, and beyond current DNA nanotechnology that

relies on canonical Watson–Crick base-pairing interactions. DNA is just a special

example of sequence-controlled polymers. In the future, when more and more

sequence-controlled polymers are made by synthetic chemists with different

functional groups incorporated, there will be more and more options available for

making polymer-CNT hybrids of desired physical and chemical properties. This

may provide a seamless interface between inorganic nanomaterials and biology that

Richard Smalley had anticipated, and shed some light on how we function as a

complex molecular assembly.
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75. Schäfer S, Cogan NMB, Krauss TD (2014) Spectroscopic investigation of electrochemically

charged individual (6, 5) single-walled carbon nanotubes. Nano Lett 14(6):3138–3144. doi:10.1021/

nl5003729

76. Streit J, Zheng M (2016) Redox sorting of double-wall carbon nanotubes (unpublished results)
77. Antaris AL, Seo J-WT, Brock RE, Herriman JE, Born MJ, Green AA, Hersam MC (2012) Probing

and tailoring pH-dependent interactions between block copolymers and single-walled carbon

nanotubes for density gradient sorting. J Phys Chem C 116(37):20103–20108. doi:10.1021/

jp3063564

78. Homenick CM, Rousina-Webb A, Cheng F, Jakubinek MB, Malenfant PRL, Simard B (2014) High-

Yield, single-step separation of metallic and semiconducting SWCNTs using block copolymers at

low temperatures. J Phys Chem C 118(29):16156–16164. doi:10.1021/jp5030476

79. Flavel BS, Kappes MM, Krupke R, Hennrich F (2013) Separation of single-walled carbon nan-

otubes by 1-dodecanol-mediated size-exclusion chromatography. ACS Nano 7(4):3557–3564.

doi:10.1021/nn4004956

80. Hirano A, Tanaka T, Urabe Y, Kataura H (2013) pH- and solute-dependent adsorption of single-

wall carbon nanotubes onto hydrogels: mechanistic insights into the metal/semiconductor separa-

tion. ACS Nano 7(11):10285–10295. doi:10.1021/nn4046776

81. Rice NA, Adronov A (2013) Supramolecular interactions of high molecular weight poly(2,7-car-

bazole)s with single-walled carbon nanotubes. Macromolecules 46(10):3850–3860. doi:10.1021/

ma400081d

82. Gelbart WM, Bruinsma RF, Pincus PA, Parsegian VA (2000) DNA-inspired electrostatics. Phys

Today 53(9):38–44

83. Manning GS (1978) The molecular theory of polyelectrolyte solutions with applications to the

electrostatic properties of polynucleotides. Quart Rev Biophys 11(02):179–246

84. Ao G, Zheng M (2016) Metallicity-based carbon nanotube sorting by DNA and SDBS combination

(unpublished results)
85. Roxbury D, Mittal J, Jagota A (2012) Molecular-basis of single-walled carbon nanotube recognition

by single-stranded DNA. Nano Lett 12(3):1464–1469. doi:10.1021/nl204182b

86. Meng S, Wang WL, Maragakis P, Kaxiras E (2007) Determination of DNA-base orientation on

carbon nanotubes through directional optical absorbance. Nano Lett 7(8):2312–2316. doi:10.1021/

nl070953w

87. Khripin CY, Tu X, Heddleston JM, Silvera-Batista C, Hight Walker AR, Fagan J, Zheng M (2012)

High-resolution length fractionation of surfactant-dispersed carbon nanotubes. Anal Chem

85(3):1382–1388. doi:10.1021/ac303349q

Top Curr Chem (Z) (2017) 375:13

123 162 Reprinted from the journal

http://dx.doi.org/10.1016/j.carbon.2016.05.002
http://dx.doi.org/10.1021/ac302023n
http://dx.doi.org/10.1021/ac302023n
http://dx.doi.org/10.1039/C5NR07329D
http://dx.doi.org/10.1021/jp027664a
http://dx.doi.org/10.1021/jp027664a
http://dx.doi.org/10.1038/srep02959
http://www.nature.com/srep/2013/131016/srep02959/abs/srep02959.html%23supplementary-information
http://www.nature.com/srep/2013/131016/srep02959/abs/srep02959.html%23supplementary-information
http://dx.doi.org/10.1021/nl5003729
http://dx.doi.org/10.1021/nl5003729
http://dx.doi.org/10.1021/jp3063564
http://dx.doi.org/10.1021/jp3063564
http://dx.doi.org/10.1021/jp5030476
http://dx.doi.org/10.1021/nn4004956
http://dx.doi.org/10.1021/nn4046776
http://dx.doi.org/10.1021/ma400081d
http://dx.doi.org/10.1021/ma400081d
http://dx.doi.org/10.1021/nl204182b
http://dx.doi.org/10.1021/nl070953w
http://dx.doi.org/10.1021/nl070953w
http://dx.doi.org/10.1021/ac303349q


88. Schneider TD (2010) 70% efficiency of bistate molecular machines explained by information

theory, high dimensional geometry and evolutionary convergence. Nucleic Acids Res. doi:10.1093/

nar/gkq389

89. Pabo CO, Sauer RT (1984) Protein-DNA recognition. Annu Rev Biochem 53(1):293–321. doi:10.

1146/annurev.bi.53.070184.001453

90. Dervan PB (1986) Design of sequence-specific DNA-binding molecules. Science 232(4749):464

91. White S, Szewczyk JW, Turner JM, Baird EE, Dervan PB (1998) Recognition of the four Watson–

Crick base pairs in the DNA minor groove by synthetic ligands. Nature 391(6666):468–471. http://

www.nature.com/nature/journal/v391/n6666/suppinfo/391468a0_S1.html

92. Kang JS, Meier JL, Dervan PB (2014) Design of sequence-specific DNA binding molecules for

DNA methyltransferase inhibition. J Am Chem Soc 136(9):3687–3694. doi:10.1021/ja500211z

93. Chou SG, Plentz F, Jiang J, Saito R, Nezich D, Ribeiro HB, Jorio A, Pimenta MA, Samsonidze GG,

Santos AP, Zheng M, Onoa GB, Semke ED, Dresselhaus G, Dresselhaus MS (2005) Phonon-

assisted excitonic recombination channels observed in DNA-wrapped carbon nanotubes using

photoluminescence spectroscopy. Phys Rev Lett 94(12):127402

94. Chou S, DeCamp MF, Jiang J, Samsonidze GG, Barros EB, Plentz F, Jorio A, Zheng M, Onoa GB,

Semke ED, Tokmakoff A, Saito R, Dresselhaus G, Dresselhaus MS (2005) Phonon-assisted exciton

relaxation dynamics for a (6, 5)-enriched DNA-wrapped single-walled carbon nanotube sample.

Phys Rev B 72:195415

95. Carlson LJ, Maccagnano SE, Zheng M, Silcox J, Krauss TD (2007) Fluorescence efficiency of

individual carbon nanotubes. Nano Lett 7:3698–3703

96. Torrens ON, Kikkawa JM, Zheng M (2008) Phonon sideband optical spectroscopy of carbon

nanotubes: evidence for K0-momentum dark excitons. Phys Rev Lett 101:157401

97. Vora PM, Tu X, Mele EJ, Zheng M, Kikkawa JM (2010) Chirality dependence of the K-momentum

dark excitons in carbon nanotubes. Phys Rev B 81:155123

98. Telg H, Duque JG, Staiger M, Tu X, Hennrich F, Kappes MM, Zheng M, Maultzsch J, Thomsen C,

Doorn SK (2011) Chiral index dependence of the G? and G- Raman modes in semiconducting

carbon nanotubes. ACS Nano 6(1):904–911. doi:10.1021/nn2044356

99. Duque JG, Telg H, Chen H, Swan AK, Shreve AP, Tu X, Zheng M, Doorn SK (2012) Quantum

interference between the third and fourth exciton states in semiconducting carbon nanotubes using

resonance Raman spectroscopy. Phys Rev Lett 108(11):117404

100. Duque JG, Chen H, Swan AK, Shreve AP, Kilina S, Tretiak S, Tu X, Zheng M, Doorn SK (2011)

Violation of the Condon approximation in semiconducting carbon nanotubes. ACS Nano

5(6):5233–5241. doi:10.1021/nn201430z

101. Piao Y, Simpson JR, Streit JK, Ao G, Zheng M, Fagan JA, Hight Walker AR (2016) Intensity ratio

of resonant Raman modes for (n, m) enriched semiconducting carbon nanotubes. ACS Nano

10(5):5252–5259. doi:10.1021/acsnano.6b01031

102. Zheng M, Rostovtsev VV (2006) Photoinduced charge transfer mediated by DNA-wrapped carbon

nanotubes. J Am Chem Soc 128:7702–7703

103. Piao Y, Meany B, Powell LR, Valley N, Kwon H, Schatz GC, Wang Y (2013) Brightening of

carbon nanotube photoluminescence through the incorporation of sp3 defects. Nat Chem

5(10):840–845. doi:10.1038/nchem.1711. http://www.nature.com/nchem/journal/v5/n10/abs/

nchem.1711.html#supplementary-information

104. Hartmann NF, Velizhanin KA, Haroz EH, Kim M, Ma X, Wang Y, Htoon H, Doorn SK (2016)

Photoluminescence dynamics of aryl sp3 defect states in single-walled carbon nanotubes. ACS

Nano. doi:10.1021/acsnano.6b02986

105. Ma X, Hartmann NF, BaldwinJon KS, Doorn SK, Htoon H (2015) Room-temperature single-photon

generation from solitary dopants of carbon nanotubes. Nat Nano 10(8):671–675. doi:10.1038/

nnano.2015.136. http://www.nature.com/nnano/journal/v10/n8/abs/nnano.2015.136.html#supple

mentary-information

106. Zhang L, Tu X, Welsher K, Wang X, Zheng M, Dai H (2009) Optical characterizations and

electronic devices of nearly pure (10, 5) single-walled carbon nanotubes. J Am Chem Soc

131:2454–2455

107. Wang C, Zhang J, Ryu K, Badmaev A, De Arco LG, Zhou C (2009) Wafer-scale fabrication of

separated carbon nanotube thin-film transistors for display applications. Nano Lett

9(12):4285–4291. doi:10.1021/nl902522f

Top Curr Chem (Z) (2017) 375:13

123163Reprinted from the journal

http://dx.doi.org/10.1093/nar/gkq389
http://dx.doi.org/10.1093/nar/gkq389
http://dx.doi.org/10.1146/annurev.bi.53.070184.001453
http://dx.doi.org/10.1146/annurev.bi.53.070184.001453
http://www.nature.com/nature/journal/v391/n6666/suppinfo/391468a0_S1.html
http://www.nature.com/nature/journal/v391/n6666/suppinfo/391468a0_S1.html
http://dx.doi.org/10.1021/ja500211z
http://dx.doi.org/10.1021/nn2044356
http://dx.doi.org/10.1021/nn201430z
http://dx.doi.org/10.1021/acsnano.6b01031
http://dx.doi.org/10.1038/nchem.1711
http://www.nature.com/nchem/journal/v5/n10/abs/nchem.1711.html%23supplementary-information
http://www.nature.com/nchem/journal/v5/n10/abs/nchem.1711.html%23supplementary-information
http://dx.doi.org/10.1021/acsnano.6b02986
http://dx.doi.org/10.1038/nnano.2015.136
http://dx.doi.org/10.1038/nnano.2015.136
http://www.nature.com/nnano/journal/v10/n8/abs/nnano.2015.136.html%23supplementary-information
http://www.nature.com/nnano/journal/v10/n8/abs/nnano.2015.136.html%23supplementary-information
http://dx.doi.org/10.1021/nl902522f


108. Tulevski GS, Franklin AD, Afzali A (2013) High purity isolation and quantification of semicon-

ducting carbon nanotubes via column chromatography. ACS Nano 7(4):2971–2976. doi:10.1021/

nn400053k

109. Liu B, Liu J, Tu X, Zhang J, Zheng M, Zhou C (2013) Chirality-dependent vapor-phase epitaxial

growth and termination of single-wall carbon nanotubes. Nano Lett 13(9):4416–4421. doi:10.1021/

nl402259k

110. Panchakarla LS, Radovsky G, Houben L, Popovitz-Biro R, Dunin-Borkowski RE, Tenne R (2014)

Nanotubes from misfit layered compounds: a new family of materials with low dimensionality.

J Phys Chem Lett 5(21):3724–3736. doi:10.1021/jz5016845

111. Lorenz T, Joswig J-O, Seifert G (2014) Two-dimensional and tubular structures of misfit com-

pounds: structural and electronic properties. Beilstein J Nanotechnol 5:2171–2178. doi:10.3762/

bjnano.5.226

112. Seifert G, Terrones H, Terrones M, Jungnickel G, Frauenheim T (2000) Structure and electronic

properties of MoS2 nanotubes. Phys Rev Lett 85(1):146–149

113. Tenne R, Redlich M (2010) Recent progress in the research of inorganic fullerene-like nanoparticles

and inorganic nanotubes. Chem Soc Rev 39(5):1423–1434. doi:10.1039/B901466G

114. Heckl WM, Smith DP, Binnig G, Klagges H, Hänsch TW, Maddocks J (1991) Two-dimensional
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Abstract In this article, we overview our recent theoretical works on electronic and

optical properties of carbon nanotubes by going from the background to the per-

spectives. Electronic Raman spectra of metallic carbon nanotubes give a new pic-

ture of Raman processes. Thermoelectricity of semiconducting nanotubes gives a

general concept of the confinement effect on the thermoelectric power factor.

Selective excitation of only a single phonon mode is proposed by the pulsed train

technique of coherent phonon spectroscopy. Occurrence of both two and four fold

degeneracy in the carbon nanotube quantum dot is explained by difference group

velocities and the intra/inter valley scattering near the hexagonal corner of the

Brillouin zone.

Keywords Carbon nanotubes � Quantum dots � Coherent phonon � Electric Raman

spectroscopy � Thermoelectric power � Intervalley scattering

1 Introduction

A single wall carbon nanotube (SWNT) is a graphene sheet rolled up into a cylinder.

An SWNT is either metallic or semiconducting [1–3] depending on the geometrical

structure that is specified by two integers, (n, m), which is known as chirality. Since

SWNTs were found in 1993, the experimental techniques of synthesis and

purification have been improving for 25 years. Recently, SWNTs samples in mass

production can be commercially obtained for general purposes, while in the
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laboratory, the purified, single chirality samples are also available, which makes it

possible to observe the physical properties of SWNTs as a function of (n, m). Then,

selecting the optimum (n, m) for specific design of properties is now required in

which we need supporting theoretical calculations that predict a perspective on the

future of SWNT researches.

In this article, we present four subjects about physical properties of SWNTs as a

function of (n, m): (1) electronic Raman spectra of metallic SWNTs (m-SWNTs),

(2) thermoelectric power of semiconducting SWNTs (s-SWNTs), (3) single phonon

generation of SWNT by fast optics, and (4) transport of quantum dots made of

semiconducting SWNTs. Here, we briefly mention each problem of the four

subjects discussed in this article.

It is known in metallic SWNTs that not only phonon Raman spectra but also

electronic Raman spectra (ERS) appear at the energy position of the van Hove

singularity Eii [4]. The origin of ERS are the excitation of an electron–hole pair near

the Fermi energy by an exciton through the Coulomb interaction [5]. The

interference effect of phonon Raman and ERS can be explained by changing the

Fermi energy, which is known as gated modulated Raman spectroscopy [6].

In thermoelectricity, many attempts for finding the optimum low-dimensional

materials to get a high efficiency for thermoelectricity have been investigated,

especially after the Hicks and Dresselhaus paper published in 1993 [7, 8]. They

showed that the confinement effect of one- or two dimensional (1-D, 2-D)

semiconductors is an important factor for obtaining high figure-of-merit (ZT) values.

Since 1993, many new nanomaterials show the high ZT values [9]. However, it is

also known that some materials with small confinement length do not show a large

thermoelectric power factor [10]. We show that the thermoelectric power factor is

enhanced only when the confinement length is smaller than the so-called thermal de

Broglie length [11].

In nanomechanics, the selective excitation of a single vibrational mode in the

THz region is useful for possible applications [12]. In coherent spectroscopy, it is

known that the pulse train of laser selectively excites a RBM mode of the specified

(n, m) SWNT if the pulse repetition rate is selected for the frequency of the RBM

mode [13]. Using the same technique, we propose that other phonon modes such as

the G band phonon mode can be excited while the other phonon modes are

suppressed.

In the quantum dot of finite length SWNT, we can observe discrete energy levels

with a two or four fold degeneracy as a function of the gate voltage [14]. The

appearance of the two kinds of degeneracies is partially related to the anisotropic

group velocity in the k space [15]. Another important fact is that the edge states

affect the energy levels near the Fermi energy. However, since the edge states of a

SWNT depend on the shape at the edge of a SWNT, it is not easy to discuss in

general the number of edge states and their electronic structure as a function of the

edge shape of SWNTs. In this article, we discuss that the topological nature of

specific properties is essential to explain the number of the edge states [16].

In the following sections, we discuss each subject and a perspective for the

SWNT research at the end of each section.
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2 Electronic Raman Spectroscopy of Metallic Nanotubes

2.1 Breit–Wigner–Fano Lineshape and Continuous Spectra

One way to distinguish semiconducting carbon nanotubes (s-SWNTs) from metallic

ones (m-SWNTs) is by observing the symmetric or asymmetric shape of Raman

spectra at � 1600 cm�1, which is known as the G band [17–21]. The G band

originates from longitudinal optic (LO) and in-plane tangential optic (iTO) modes of

phonons. In Fig. 1 we show the G band for a mixture of (a) semiconducting and (b)

metallic SWNT bundles with nanotube diameters dt ¼ 1:49� 0:20 nm taken from

the work by Brown et al. [17]. With a specified dt, laser excitation energy EL ¼
2:19 eV in Fig. 1a is resonant to optical transition energy of s-SWNTs (S33) while

for EL ¼ 1:58 eV in Fig. 1b, it is resonant to optical transition energy of m-SWNTs

(M�
11). Optical transition energies in s-SWNTs (Sii) and m-SWNTs (Mii) appear due

to the Van Hove singularities (VHS) of joint density of states originating from

maxima (minima) of the ith parabolic valence (conduction) band [3]. Indices M�
ii

and Mþ
ii come from the split of the Mii due to the trigonal warping effect [22].

When we decompose the Raman spectra into subpeaks (dashed lines), the G band

of s-SWNT bundles can be fitted to few Lorentzians (Fig. 1a) while the G band of

m-SWNTs contains a broad spectrum with a long tail below the phonon energy

� 1545 cm�1 (Fig. 1b). It is suggested that a continuous spectrum appears due to

the presence of linear energy band in m-SWNTs. The interference between the

continuous spectrum and the discrete phonon spectra gives the asymmetric Breit–

Wigner–Fano (BWF) lineshape. The BWF lineshape is expressed by

I xð Þ ¼ I0
1þ x� x0ð Þ=ðqBWFCÞ½ �2

1þ x� x0ð Þ=C½ �2
; ð1Þ

where 1=qBWF, C, and x0 are, respectively, asymmetric factor, spectral width, and

phonon frequency. According to Fano [23], 1=qBWF is proportional to a coupling

constant between the continuum spectrum and the discrete spectrum. In fact, this is

when 1=qBWF ¼ 0 in Eq. (1), IðxÞ becomes a Lorentzian. Even though the BWF

(a) (b)

Fig. 1 The G band for a mixture of semiconducting and metallic SWNT bundles with dt ¼
1:49� 0:20 nm excited by a EL ¼ 2:19 eV resonant to S33 of semiconducting nanotubes and b EL ¼
1:58 eV resonant to M�

11 of metallic nanotubes [17]
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lineshape appears in many metallic nanocarbon materials such as

m-SWNTs [17, 20, 24], graphite intercalation compounds [25, 26], and gra-

phene [27], origin of the continuous spectrum in m-SWNTs was not clear for

30 years. It was discussed that either single particle electron excitation [28, 29] or

collective excitation (plasmon) [17, 30–32] were relevant to the continuous

spectrum.

A breakthrough for understanding the origin of the continuous spectra has

emerged by the observation of the electronic Raman spectra (ERS) in m-SWNTs by

Farhat et al. [4]. In Fig. 2a, we can see the ERS with well-defined peak and broad

spectral width (� 500 cm�1) between the radial breathing mode (RBM) and the G

band for a (23,14) m-SWNT [4]. The ERS peak appears when scattered photon

energy Es matches to M�
22 ¼ 2:08 eV. With EL ¼ 2:14 eV, the Raman shift of ERS

at M�
22 ¼ 2:08 eV corresponds to EL �M�

22 ¼ 500 cm�1 or 60 meV. Because of the

broad spectral width of ERS, the G band and RBM lineshapes become asymmetric

in m-SWNTs by interference between the ERS and phonon peaks. In Fig. 2b, on the

other hand, no ERS appears in (25,8) s-SWNT indicating that the ERS originates

from the linear energy band, which is absent in s-SWNTs. Farhat et al. can observe

the ERS in m-SWNTs since the spectral width of ERS is smaller than that of the

background spectra [4].

In order to study the origin of ERS, Farhat et al. further measured the ERS by

changing the Fermi energy EF [4]. In Fig. 2c, relative ERS intensity to the G band

intensity is plotted as a function of EF, which shows a maximum at EF ¼ 0 (Dirac

(a)

(c) (d)

(b)

Fig. 2 a Raman spectra of (23,14) m-SWNTs excited by EL ¼ 2:14 eV showing the RBM, ERS and
G bands. The ERS feature appears at Es ¼ M�

22 indicated by an arrow. b Raman spectra of (25,8)

s-SWNTs excited by EL ¼ 1:92 eV which showing only the RBM and G bands. No ERS is observed at
S44 or S33 in the s-SWNT. c Relative ERS intensity to the G band intensity as a function of the Fermi
energy EF. d Raman spectra for EF ¼ �0:18; 0; 0:18 eV [4]
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point). When EF\0, some parts of interband electron–hole excitation in the linear

energy bands are suppressed due to no occupied, initial states above EF (upper panel

of Fig. 2d). When EF [ 0, interband electron–hole excitation are also suppressed

because electrons in the final states already occupy the conduction band (lower

panel of Fig. 2d). From this experiment, we can conclude that the ERS originates

from electron–hole excitation near the Dirac point (EF ¼ 0) in the linear energy

bands. We can rule out the contribution of plasmon in the ERS in m-SWNTs

because the spectral function of plasmon would be proportional to charge density or

jEFj, while the experimental results show the opposite behavior. It is noted that the

electro-magnetic wave (transverse wave) cannot excite a plasmon (longitudinal

wave) except for the surface plasmon.

The electron–hole pair can be excited in the linear band by the electron–phonon

interaction which gives rise to phonon softening or the Kohn anomaly effect in m-

SWNTs [33]. In order to check that the ERS is free from the Kohn anomaly effect,

Farhat et al. measured the EL dependence of the Raman spectra [4]. Figure 3 shows

the calculated and experimental results of EL dependence of Raman spectra as a

function of scattered photon energy Es. Phonon spectra (RBM and G bands) have

fixed Raman shifts so that their peak positions in Es appear at EL � �hx0. However,

the ERS peak always appears at Es ¼ M�
22, which is independent of EL. These

results indicate that the ERS originates from electron–electron interaction between

the photo-excited carrier at the Mii state with the electron at the linear band.

Hereafter, we will present the detailed analysis of the ERS spectra from the

theoretical calculations.

(a) (b)

Fig. 3 a Calculated result [5] for (23,14) m-SWNT and b experimental results (adapted from Ref. [4]) of
Raman intensity versus �hxs for a (23,14) m-SWNT where we have the calculated M�

22 ¼ 2:084 eV and

the experimental M�
22 ¼ 2:08 eV. The laser excitation energies EL are taken as 2.00, 2.07, 2.10, 2.14, and

2.20 eV [5]
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2.2 Theory of Electronic Raman Spectra

In Fig. 4, optical processes of the ERS which consist of (1) an exciton generation

via an exciton-photon interaction, (2) excitation of the linear energy band electron–

hole pair(s) by the Coulomb interaction with the exciton, and (3) finally, the exciton

goes back to the ground state by emitting a photon. The excitation of electron–hole

pair(s) in (2) may occur in either a first-order or second-order process. For the first-

order process, the exciton relaxes vertically (q ¼ 0) from a virtual state to the Mii

state after photo-absorption at a wave vector k, while the electron–hole pair is

created in the linear band at wave vector k0 by the Coulomb interaction with q ¼ 0

(see Fig. 4a). In the second-order process, two electron–hole pairs in the linear band

are excited with nonzero momentum transfer q and �q. The existence of the two

inequivalent K and K0 valleys in the m-SWNTs Brillouin zone leads to either intra-

valley (AV) interaction or the inter-valley (EV) Coulomb interaction depends on the

cases that the relaxation of the exciton and excitation of electron–hole pair in Fig. 4

occur in the same valley or different valley, respectively. After the electronic

scattering processes, the scattered exciton then recombines to the ground state at k
by emitting a photon with an energy Es ¼ Mii. This is the reason why the ERS peak

position always appears at Mii even though we change the laser energy EL. It is

important to note that the first-order ERS has negligibly small intensity compared

with the second-order ERS because the direct Coulomb interaction vanishes at

q ¼ 0 due to the symmetry of the wavefunction of graphene [5]. Thus, the ERS

intensity is originated by the second-order process.

Total Raman intensity is calculated by taking the square of the sum of the

amplitudes of inelastic scattering for RBM (ARBM), G band (AG ¼ AiTO þ ALO), and

ERS (AERS) as follows,

I ¼
X

i

ARBM þ AG þ AERSð Þ
�����

�����

2

: ð2Þ

In Fig. 5a, the calculated results of the Raman spectrum for (23,14) m-SWNT is

shown by a solid line, in which the ERS overlaps with the RBM and G phonon

modes, and, thus, the quantum interference gives rise to the asymmetric line shape,

peak shifting, and the intensity enhancement of the G band relative to the jARBMj2,

Fig. 4 a First-order and b second-order electronic Raman processes. In both processes, the interaction
between electrons in the parabolic band and the linear band can take place in the same valley (AV) or in a
different valley (EV)
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jAiTOj2 or jALOj2 (dashed line). As shown in the inset of Fig. 5a, the asymmetric line

shape of the G band is obtained after subtracting the ERS contribution which

reproduce the experimental spectra (dots). In Fig. 5b, the asymmetric factor 1=qBWF

is plotted as a function of EL �M�
22 in which the calculated 1=qBWF gives a ‘‘V’’

shape as a function of EL �M�
22. Though the calculated 1=qBWF values are of the

same order with the experimental result, the EL dependence of 1=qBWF does not

explain the experimental results, which should be clarified in the future.

In order to understand the origin of asymmetric lineshape, we consider phase

difference of amplitudes between the ERS and G (or RBM) phonon spectrum, which

is given by

I ¼ jAERSj2 þ jAmj2 þ 2jAERSjjAmj cosðuERS � umÞ; ðm ¼ G;RBMÞ; ð3Þ

where um is a phase for the m-th phonon mode (m = ERS, G band, and RBM). The

phase difference between the ERS and phonon spectra in Eq. (3) gives the quantum

interference effect.

In Fig. 6a, we show um of the RBM, ERS, and G (LO and iTO) modes as a

function of Raman shift for EL ¼ M�
22 ¼ 2:1 eV. Phase shift at the phonon energies

(RBM or G) or ERS energy from �p=2 ! p=2 appears at each peak of the Raman

spectra. Since the phase of ERS keeps constant at the resonance frequency that

phonon spectra exhibit phase shifts, the interference term in Eq. (3) changes their

sign as shown in Fig. 6b, c which is the origin of asymmetric lineshape. In fact, the

sign change from negative (positive) to positive (negative) correspond to positive

(negative) 1=qBWF because of the phase shift position of ERS is at the right (left) of

the RBM (G mode). It is important to note that the |1/q| value for the RBM is larger

than that of the G band when EL ¼ M�
22. The reason why we get the large value of

|1/q| for RBM is a strong resonant condition at EL ¼ M�
22 which makes the ERS

peak closer to the RBM peak than to the G band peak. However, since RBM spectra

are too sharp (� 5cm�1), it might be difficult for experimentalists to observe the

Fig. 5 a Calculated Raman spectra for a (23,14) SWNT with EL ¼ 2:14 eV. The total intensity shown is
represented by the solid line. The dashed lines show contributions from the RBM and G modes, while the
dotted line is the contribution from the ERS. Each line shape for the RBM, the G modes, and the ERS are
Lorentzian. Inset shows the G band spectra after subtracted by the ERS spectrum. Dots are calculated
results and the solid line shows the BWF fitting (Eq. (1)). b Asymmetric factor (1=qBWF) as a function of
resonance condition(EL �M�

22). The circles and squares denote calculated results and experimental

results, respectively [4]
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asymmetry of RBM. Theoretically, the BWF lineshape appears in any phonon

modes as long as the ERS overlaps the phonon spectra, which should be observed by

experiments in the future.

Recently, using single chirality SWNT samples, multiple ERS features

originating from M�
ii and Mþ

ii give either positive or negative values of 1=qBWF

depending on the position of ERS with respect to the phonon spectra [34]. Using

many ERS spectra, they can do chirality assignment of m-SWNTs from Mii

within the accuracy of � 1 meV. The chirality assignment of m-SWNT was not

possible by optical measurement due to the quenching of photoluminescence

intensity in m-SWNTs [35]. This result is important for further characterization of

m-SWNTs.

3 Thermoelectricity of SWNTs

3.1 Rediscovering Potential Applications of SWNTs in Thermoelectricity

In recent years, there has been significant interest in research on thermoelectric

phenomena due to the increase in the demand for utilizing ubiquitous energy

sources. It is important to find a good thermoelectric material with a high

thermoelectric energy conversion efficiency, characterized by the so-called

thermoelectric figure of merit, ZT ¼ S2rj�1T , where S is the Seebeck coefficient

(or thermopower), r is the electrical conductivity, j is the thermal conductivity, and

T is the absolute temperature of the material. Other than ZT, it is also common to

evaluate the power factor PF ¼ S2r, which is the numerator of the ZT formula, to

know the output electric power or thermoelectric performance of a material when

we do not need to consider the efficiency.

As a one-dimensional material, SWNTs have been considered to be promising

materials for thermoelectricity due to their electronic properties, in which the energy

gaps depend on their geometrical structure [36–38]. However, it was difficult to

obtain SWNTs with a specific (n, m) structure to design the thermoelectric devices

(a) (b) (c)

Fig. 6 a Raman phase of the RBM, ERS, and G (LO and iTO) mode at EL ¼ M�
22 ¼ 2:1 eV for a (23,14)

tube. b, c Cosine of phase difference uERS � uRBM and uERS � uG, respectively. Dotted line in b and c
shows the RBM and G mode total intensity form Eq. (2), respectively. Asymmetric factor 1=qBWF ¼ 0:65
is for RBM and 1=qBWF ¼ �0:27 for G mode
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having the optimum performance. Most thermoelectric measurements were

performed on bundled SWNT samples whose geometrical and electronic structures

are mixed with one another [36–39], and, thus, most of the potential thermoelectric

properties might be lost because of tube–tube interactions [36]. For the purpose of

developing future thermoelectric devices based on SWNTs, we evaluate the

thermopower of semiconducting SWNTs (s-SWNTs) as a function of (n, m). From

our calculation, we will suggest the optimized (n, m) values to obtain a larger PF

and ZT of SWNTs. We also explain the reason why s-SWNTs should be good

candidates for thermoelectric materials based on our general theory related to the

confinement effect in low-dimensional materials [11].

3.2 Methods for Calculating Thermoelectric Properties

When we adopt s-SWNTs in thermoelectric devices, we need two types of doping

for s-SWNTs with the same (n, m), i.e., n-type and p-type s-SWNTs for making an

electrical circuit as shown in Fig. 7. By having a temperature gradient rT from an

edge of each type of s-SWNTs to another edge, charge carriers (electrons or holes)

will flow with velocity v from the hot edge with temperature Thot to the cold edge

with Tcold. The Fermi distribution f as a function of electronic energy E and

chemical potential l is modified in the presence of rT , that satisfies the Boltzmann

equation, from which the electric voltage rV is obtained. We adopt the relaxation

time approximation (RTA) for solving the Boltzmann equation, and further we

assume the relaxation time is a constant [40]. Within this assumption, Seebeck

coefficient S is expressed [40] by

S ¼ 1

qT

Z
qvscv

of

oE
ðE � lÞgðEÞdE

Z
qvscv

of

oE
gðEÞdE

: ð4Þ

where q ¼ �e is the charge of the carrier, T ¼ ðThot þ TcoldÞ=2 is the averaged

absolute temperature, v is the carrier velocity, sc is the carrier relaxation time, and

g(E) is the density of state (DOS).

Fig. 7 Schematic model of a thermoelectric device using two s-SWNTs, one with p-type and the other
with n-type doping. The temperature gradient between the two edges of each nanotube generates
electricity
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We employ both numerical and analytical methods to calculate S from Eq. (4). In

the numerical calculation, we adopt the BoltzTraP code [41], which is a widely-

used package to calculate thermoelectric properties, such as the S and electrical

conductivity, r. An input data for the BoltzTraP code is the electronic energy

dispersion EðkÞ for all energy bands. We calculate the energy dispersion EðkÞ of

SWNTs within the extended tight-binding (ETB) model [42]. The ETB model takes

into account long-range interactions up to the 20th nearest neighbors, SWNT

curvature effects, and geometrical structure optimization, which are sufficient to

reproduce the experimentally observed energy band gaps of the SWNTs [42, 43]. In

the BoltzTraP calculation, we use a 20nm� 20nm� jTj supercell, where jTj (in
nm) is the length of the translational vector of a SWNT [1]. A larger supercell

length ð20nmÞ in the x- and y-directions is chosen so as to guarantee the one-

dimensionality of the SWNT. Although S in the BoltzTraP code is expressed in

terms of a tensor [41], we only consider the zz component of S, Szz, which is the

thermopower along the tube axis direction z. Hereafter, we denote S for Szz.

3.3 Chemical Potential Dependence of Thermopower

In Fig. 8, we plot the thermopower as a function of chemical potential for three

different s-SWNT chiralities: (11, 0), (12, 4), and (15, 5), at T ¼ 300 K [44]. The

solid lines in Fig. 8 represent the numerical results, while dashed lines are analytical

ones as shown below. For each chirality, the optimum value of the thermopower,

indicated by a maximum (minimum) along the negative (positive) axis of the

chemical potential, arises due to the p-type (n-type) s-SWNTs, which is consistent

with a recent experimental observation [38]. The dependence of the thermopower

on the chemical potential implies that it is possible to tune the thermoelectric

properties of the s-SWNTs by applying gate voltages on the p-type and n-type

s-SWNTs.

Fig. 8 Thermopower as a function of chemical potential for (11, 0), (12, 4), and (15, 5) at T ¼ 300 K.
Solid lines are obtained from the numerical calculation based on Eq. (4) while dashed lines are obtained
from the analytical formula given in Eq. (5) [44]
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In order to understand the numerical results of thermopower, we have derived an

analytical formula for the thermopower from Eq. (4) for the valence and the

conduction bands closest to the Fermi level, known as the two-band model [40, 45].

It is noted that the thermopower is a linear function with the chemical potential if we

only consider only one band. Thus, the contribution of two bands (valence and

conduction bands) is essential to get the optimum of the thermopower for the s-

SWNTs. The thermopower for s-SWNTs, SCNT, based on the two-band model and

constant RTA, are given as a function of l by [44]:

SCNTðlÞ ¼
kB

e

l
kBT

� Eg

2kBT
� 3

2
þ Eg=kBT þ 3

e2l=kBT þ 1

� �
: ð5Þ

where Eg is the energy gap. In Fig. 8, we show analytical results of Eq. (5) in the

dashed lines using the values of Eg from the ETB calculation. The analytical for-

mula [Eq. (5)] reproduces the numerical results near l ¼ 0. The analytical results

deviate from the numerical results for larger jlj because the two-band model is no

longer valid at a higher doping level. It is clear that the two-band model is sufficient

to describe the optimum thermopower of s-SWNTs which appear near l ¼ 0.

We can determine a condition to obtain an optimized thermopower at the

chemical potential lopt by taking dSCNTðlÞ=dl ¼ 0 for Eq. 5 as follows

lopt ¼
kBT

2
ln

Eg

kBT
þ 2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eg

kBT
þ 2

� �2

�1

s0

@

1

A; ð6Þ

where the þ and - signs correspond to the n-type and p-type SWNTs, respectively.

From Eq. (6), we can say that the lopt values will move away from l ¼ 0 as Eg

becomes larger than kBT . However, due to the presence of the logarithmic function,

lopt is a slowly changing function of Eg when Eg is much larger than kBT . For

example, for the range of dt of 0.5–1.5 nm, the s-SWNTs have Eg values 0.46–1.58

eV. In this case, the Eg’s are 17–61 times larger than kBT for T ¼ 300 K. For those

Eg values, we obtain 0:046\jloptj\0:062 eV at a constant T ¼ 300 K, which

implies that the change in lopt (� 16 meV) can be negligibly small compared with

the width of SðlÞ (� 50 meV) as shown in Fig. 8. Thus at the room temperature,

controlling the doping level or the chemical potential is important to obtain the

optimum S for the even bundled s-SWNTs.

3.4 Chirality-Dependent Thermopower

Using both the numerical calculation by BoltzTraP and our analytical formula SCNT,

it is now possible for us to plot S
opt
CNT � SCNTðl ¼ loptÞ as a function of dt of

s-SWNTs. In Fig. 9, we plot (a) S
opt
CNT and (b) energy gap Eg as a function of dt for

0:5	 dt 	 1:5 nm. In Fig. 9a, we plot S
opt
CNT calculated by both numerical BoltzTraP

results (denoted by circles) and the analytical formula (plus symbols), from which

we can see that the two methods give almost the same values of S. Thus, we will

adopt the analytical formula for discussing the chirality dependence of S. By

Top Curr Chem (Z) (2017) 375:7

123175Reprinted from the journal



comparing Figs. 9a and 9b, S
opt
CNT increases with decreasing dt or with increasing Eg.

For smaller diameter s-SWNTs with the family number [22] 2nþ m ¼ 13, such as

(5, 3) or (6, 1) s-SWNTs, the thermopower can reach a value more than 2000lV/K.
The values of S are about 6–10 times larger than those found in other thermoelectric

materials or in the SWNT bundles [46–49]. Thus, we have plenty of room to

improve S
opt
CNT of s-SWNTs experimentally.

The larger thermopower for smaller-diameter s-SWNTs can be explained by the

relation of SCNT with Eg as shown in Eq. (5) and by the fact that Eg / 1=dt [22].

The one-dimensional van Hove singularity of DOS in SWNTs also enhances the

thermopower [7, 8]. Here, we should note that the thermopower of s-SWNTs as a

function of diameter shows the nanotube family pattern, in which the different

SWNTs with the same 2nþ m can be connected, and they make a clearly distinct

branch for modð2nþ m; 3Þ ¼ 1 and modð2nþ m; 3Þ ¼ 2, known as the nanotube SI

and SII family branches, respectively as shown in Fig. 9a [22]. This behavior is

(a)

(b)

Fig. 9 a Optimum thermopower S
opt
CNT values for all s-SWNTs within the diameter range of 0.5–1.5 nm

plotted as a function of SWNT diameter. The temperature is set constant at 300 K. Numerical results from
BoltzTraP are denoted by circles, while analytical results from Eqs. (5)–(6) are denoted by plus symbols.
b The Kataura plot showing the family pattern of the SWNT band gap as a function of diameter. Solid
lines are a guide for the eyes, connecting SWNTs with the same family number 2nþ m. The SI and SII
tubes correspond to the SWNTs having modð2nþ m; 3Þ ¼ 1 and 2, respectively
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very similar to that found in the band gap as a function of diameter as shown in

Fig. 9b, which is often referred to as the Kataura plot [20, 22, 50].

3.5 Quantum Confinement Effects in Thermoelectricity

It is important to discuss the reason why s-SWNTs have such large thermopower

from the quantum confinement effect point of view. We recently found [11] that the

quantum confinement effect [7, 8] occurs only when confinement length LC is

smaller than the thermal de Broglie wavelength K of any low dimensional (1-D, 2-

D) semiconducting material. In the case of s-SWNTs, we may assume that the 1-D

confinement length is characterized by the SWNT diameter and the thermal de

Broglie wavelength K is defined by

K ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2p�h2

kBTm


s

; ð7Þ

where �h is Planck’s constant and m
 is the effective mass of s-SWNTs. The effective

mass of electron and hole m

e;h are expressed by

m
 ¼ �h2
d2E

dk2

� ��1

; ð8Þ

where EðkÞ is the electronic energy dispersion obtained by the ETB model [42].

In Fig. 10 we plot K of s-SWNTs as a function of dt for 0:5\dt\1:5 nm. It is

clear that the dt is much smaller than the K. Thus, 1-D s-SWNTs satisfy the

condition of LC\K, and, thus, the well-separated, small-dt single (n, m) s-SWNTs

should behave as excellent thermoelectric material. When we consider the case of

the bundle SWNTs, we should redefine LC as the diameter of the bundle, which

should be investigated by experiment.

Fig. 10 Thermal de Broglie wavelength of several s-SWNTs as a function of SWNT diameter

Top Curr Chem (Z) (2017) 375:7

123177Reprinted from the journal



4 Coherent Phonon Spectroscopy of SWNTs

Ultra-fast pump-probe spectroscopy is a useful tool for studying carrier and lattice

dynamics in materials, since we can probe the physical properties on the same time

scale as the relevant relaxation process. When ultra-short pump pulse of light is

applied to a SWNT sample with a time duration less than a period of a phonon mode

of the SWNT, all phonons start to oscillate with the same phase, which are known as

the coherent phonon (CP) [51–55]. The CP is explained quantum mechanically in

terms of coherent states, in which the amplitude-phase uncertainty reaches its

minimum value [56–59]. Due to the coherent oscillations of phonons, macroscopic

optical properties such as the reflectance R, transmittance T, or absorption

coefficient a is modulated as a function of the time of the probe light, which is

measured in CP spectroscopy.

Recently, by using sub-10-fs laser pulses, more than ten CP modes with

frequency around 100–3000 cm�1 could be observed in a (6, 5) enriched SWNT

sample [60]. This measurement has opened up possibilities to utilize a particular CP

mode of the SWNT for ultra-sensitive, mechanical detection [61], as well as

quantum information science [62, 63] in the THz region. However, we have to

excite a single phonon mode coherently while suppressing other phonon modes,

which is not possible to achieve by using only a single laser pulse.

One possible technique to selectively excite a particular phonon mode is by using

repeated pulses of pump light in pump-probe spectroscopy. Kim et al. have shown

that multiple pulses with different repetition rates can be generated by a pulse

shaping technique to excite a radial breathing mode (RBM) of a specific SWNT in a

bundled SWNT sample [13]. The bundled SWNT sample consists of several

(n, m) SWNTs with the different RBM frequencies that are inversely proportional to

the SWNT diameter [64]. By applying the pulse train with a repetition frequency

matched to the RBM frequency of a specified SWNT, it is possible to excite only the

specified SWNT in the bundled sample [13], while all other RBM CP’s can be

suppressed. Thus, we expect that the pulse-train technique can be used to enhance

other CP modes than the RBMs such as the G bands in the SWNTs, which we will

discuss in this section.

4.1 Modeling Coherent Phonon Generation

In the pump-probe technique, (1) the pump light generates electron–hole pairs and

(2) we measure either transient differential transmission (DT=T) or differential

reflection (DR=R) spectra that oscillates at phonon frequencies. In Fig. 11a we show

the photoexcitation process of a molecule for simplicity. An electron in the ground

state is excited to the excited state for a potential minimum different from that for

the ground states. Thus, the lattice starts to move to the minimum in the excited

states at the same time, which is the origin of CP oscillation. In Fig. 11b a typical

geometry of a CP phonon experiment is shown in which the probe pulse comes Dt
after the pump light, and we detect either (DT=T) or (DR=R) of the probe light. In

Fig. 11c, DT=T is shown as a function of Dt. By extracting the oscillating term in
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DT=T from the monotonically changing term, we take the Fourier transform of

DT=T to obtain the power spectrum, which is called the CP spectra.

In order to start all phonon oscillations at the same time with the same phase, it is

necessary for the pulse width sp in time to be sufficiently short compared with a

phonon period. For example, to generate coherent RBM phonons (5 THz), sp should
be shorter than 200 fs. As for the G band (� 47 THz), the sp should be shorter than

20 fs. It is the reason why they used a sub-10-fs pump to observe the G band and

even the G0 band (2700 cm�1) [60].

The coherent phonons amplitude Qm satisfies a driven oscillator equation defined

by [12]

o2QmðtÞ
ot2

þ x2
mQmðtÞ ¼ SmðtÞ; ð9Þ

where m denotes the phonon mode and xm is frequency of the m-th phonon mode at

phonon wavevector q ¼ 0. The right hand side of Eq. 9 is the force generated by

photoexcited carriers, which is given by

SmðtÞ ¼ � 2xm

�h

X

nk

Mm
nðkÞ fnðk; tÞ � f 0n ðkÞ

� �
; ð10Þ

where fnðk; tÞ and f 0n ðkÞ are, respectively, the time-dependent and the initial equi-

librium Fermi distribution function for electrons. Here n labels an electronic state,

and k gives the electron wavevector. Mm
nðkÞ denotes the electron–phonon matrix

element within in the ETB model [65]. When we consider the pulse train, the right

(a)
(b)

(c)

Δ
Fig. 11 Illustration of a typical coherent phonon experiment. a Schematic diagram showing the
generation of coherent phonons in a molecular system, which is used as a simplified illustration for the
SWNT case. The combined electronic and vibrational energy levels for the ground and excited states are
shown. b Setup of ultra-fast pump-probe spectroscopy, which generates electron–hole pairs and triggers
the coherent phonon oscillations. c The coherent phonon intensity is obtained from a Fourier transform of
the pump-probe signal after background subtraction
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side of Eq. (9) becomes a sum of Sm of each pulse with the delays of the repetition

time.

In the calculation of CP spectra, we calculate the absorption coefficient

aðEprobe;DtÞ as a function of the probe energy Eprobe and Dt and the square of

aðEprobe;DtÞ is equivalent to DR=R or DT=T in the experiment. We can calculate

aðEL;DtÞ using Fermi’s golden rule [66] in which we take account of the time

variation of the band structure within adiabatic approximation for given Qm and

carrier distribution functions in the ETB model [12, 67]. The modulation of

absorption coefficient observed by the probe is given by

DaðEprobe;DtÞ ¼ �½aðEprobe;DtÞ � aðEprobe;�1Þ�; ð11Þ

where t ¼ �1 denotes the condition when pump pulse is absent. Taking the Fourier

transform of DaðEprobe;DtÞ, we obtain CP spectra as a function of phonon

frequency.

4.2 Single Phonon Mode Generation in Single Chirality SWNTs

Here, we discuss CP generation of a single phonon mode by repeated pulses of

pump light, especially for the G band. In this case, we have to select a repetition

period Trep. The pulse repetition period, Trep, is defined in the calculation by the time

interval between two neighboring Gaussian pulses.

In the upper panel of Fig. 12a, we show six Gaussian pulses with sp ¼ TG and

1:5TG where TG is the period of the G band oscillation, and, in the lower panel, we

plot the calculated coherent phonon amplitude Q(t) for the G band for the two cases

of pulse train. It can be seen that selection of Trep which matches to integer multiples

(half-integer multiples) of the G band period enhances (suppresses) the G band

phonon amplitude. It is noted that monotonically increasing the term of Q(t) does

not contribute to the CP intensity as a function of the phonon frequency after the

Fourier transformation.

In Fig. 12b, we show the CP spectra in which RBM CP spectra is very strong

compared with G CP spectra for the six pulses even though we select sp ¼ TG. It is

important to point out that the integer multiple of TG is not always sufficient to

completely suppress the RBM amplitude although TG is not an integer multiple of

the period of the RBM. The reasons for the result are that (1) electron–phonon

interaction of RBM is stronger than that of the G band [65] and that (2) QmðtÞ is
inversely proportional to xm when we solve the driven oscillator model. This means

that the higher-frequency G phonon modes tend to have a smaller amplitude than

the lower frequency RBM modes [67].

In order to suppress the Qm for RBM, we propose to increase the number of

pulses. In Fig. 12b we show the calculated results of 90 pulses with Trep ¼ TG, in

which the CP intensity of the RBM by 90 pulses is significantly suppressed

compared with that of six pulses, while the CP intensity for the G band does not

change. In the inset of Fig. 12b, we plot the intensity ratio of IRBM=IG as a function

of the number of pulses. The intensity ratio exponentially decreases with increasing

the number of pulses. It is noted that we cannot increase the number of pulses more
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than the recombination time of excited carriers on the order of 1 ps. If we increase

the total duration time compared with the recombination time, the CP intensity

monotonically decrease, which can be used for evaluating the recombination time

by comparing with the theory. The single phonon mode excitation will be

technically important, too, for extending the application of nanomechanics to higher

frequencies of THz, which will be able to be coupled with specified molecules and

nanomaterials.

5 Discrete Energy Levels in Finite-Length SWNT

Finally, we discuss the low energy properties of SWNTs, which are observed in the

transport measurements of a finite length SWNT or a SWNT quantum dot. Since the

nanotube surface has a cylindrical curvature, there appear curvature-induced effects

of SWNTs, which are not described by the simple tight binding method in which

electronic structure of SWNTs is calculated by that of 2-D graphene with a periodic

boundary condition in the circumference direction. When we consider the

curvature-induced effect, the small energy gap (� 100 meV) for the m-

SWNTs [2, 68–70] and the spin-orbit interaction [70–74] (� 1 meV) are obtained

and those properties are observed in the low temperature measurements [14].

Another important curvature effect for understanding the low energy properties is

that the velocities of left- and right-going waves within the K (or K 0) valley are

different [15]. The asymmetric velocities are chirality-dependent, which will be

(a) (b)

Fig. 12 Selective coherent G band excitation in (11,0) SWNT. a The laser density of the pulse train and
the resulting coherent G band phonon amplitude with conditions of Trep ¼ TG and Trep ¼ 1:5TG for six

laser pulses. For additional comparison, we show a dashed line that represents the G band amplitude
generated by a single laser pulse. The pulse width sp is set to be 10 fs. b The coherent phonon intensity

versus phonon frequency for a different number of laser pulses applied to a (11,0) SWNT. Inset shows the
ratio between the G band intensity ðIG) and RBM intensity ðIRBMÞ. The RBM intensity is drastically
suppressed when we apply a larger number of pulses
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important for understanding the alternating degeneracy of energy levels in a SWNT

quantum dot, which is the subject of this subsection.

Figure 13a, b show the calculated energy bands near the K and K 0 valleys,

respectively, for four different chiralities of m-SWNTs [15], in which the curvature

induced energy gap are seen except for (4, 4) and (6, 6) armchair SWNTs. In

particular, it is important to note that the absolute value of two slopes for linear

energy bands (or the group velocities) for left- and right-going waves in the same

valley are different from each other for the (4, 4) armchair nanotube, while the

slopes are the same for the (9, 0) zigzag nanotube. The group velocities in the s
valley (s ¼ K;K 0) are defined by

v
ðsÞ
L ¼ � 1

�h

oeðsÞL

ok
ð[ 0Þ; v

ðsÞ
R ¼ 1

�h

oeðsÞR

ok
ð[ 0Þ; ð12Þ

where eðsÞL (eðsÞR ) is the energy as a function of the wavenumber k of the left-going

(right-going) wave in the s valley, which has negative (positive) slope. It is noted

that the relation v
ðsÞ
L ¼ v

ð�sÞ
R holds because of the time reversal symmetry. Hereafter,

we put an integer value for s ¼ 1 (�1) for K (K 0) for convenience. The velocities

estimated in the linear dispersion region are plotted in Fig. 13c, d. The velocity

difference between the left- and right-going waves becomes larger for the smaller

diameter and near the armchair chirality. Using a perturbation theory with respect to

the curvature, we fitted the group velocities to the following expressions [15],

v
ðsÞ
L ¼ vav � sDv; v

ðsÞ
R ¼ vav þ sDv; ð13Þ

where

vav ¼ v0 þ
c2 þ c4 cos 6h

d2t
; Dv ¼ c6 sin 3h

d2t
; ð14Þ

(b)
(c)

(d)

(a)

Fig. 13 a,bEnergy bands form-SWNTs around the Fermi energy, at theK andK 0 valleys. c,dVelocities of

left-going wave (v
ðKÞ
L ) and right-going wave (v

ðKÞ
R ) in the K valley for the m-SWNTs. The values estimated

from the numerical energy band calculation are shown with dots. The values of Eq. (13) for each
(n, m) SWNT are also plotted as open circles. The numbers on the lines indicate the corresponding 2nþ m
family values. Z(A) denotes (n, m) value close to a zigzag (armchair) nanotube [15]
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with c2 ¼ �2:46, c4 ¼ 1:27 and c6 ¼ �2:45 in units of 104 (m/s)�nm2 and v0 ¼
8:32� 105 m/s for the diameter region of 0:6\dt\2:0nm.

Since the electrons are confined in the direction of the nanotube axis for a

finite length SWNT (or simply called SWNT quantum dot), the discrete energy

levels represent the standing wave consisting of left and right going waves.

There are two possible couplings of left and right going waves, that is, left and

right going waves within the same valley or in different valleys in the k space,

which we call intravalley or intervalley coupling, respectively (see Fig. 14c).

In the case of the intervalley coupling, in which the standing wave as the

eigenstate are formed from the left-going wave at one valley and the right-

going wave at another valley, there exist two inequivalent series of equi-

spaced discrete energy levels, whose separations are given by �hv
ðKÞ
L p=LNT and

�hv
ðKÞ
R p=LNT, reflecting the asymmetric velocities (see Fig. 14a, c). However, the

conventional picture only adopts the intravalley scattering, in which the standing

wave is made of the left- and right-going waves in the same valley (see Fig. 14b,

c) which gives two identical series of energy levels. The conventional picture

explains the observation of the four fold degeneracy of the energy levels,

reflecting the two valley states with two spin states, with a small lift of

degeneracy by the spin-orbit interaction. However, recent experiments show

oscillating behavior of the two fold and four fold degeneracies within the same

SWNT [75–80] as a function of energy, which suggests that we must consider the

intervalley scattering at both ends.

In order to consider the intervalley interaction, let us assume that both ends of a

finite-length SWNT do not break the rotational symmetry Cd of SWNTs around the

nanotube axis where d is the greatest common divisor, d ¼ gcdðn;mÞ. Then we can

use the conservation of angular momentum along the nanotube axis, Ll. When the

energy states belong to different Ll’s, they are not coupled to each other, whereas

the states with the same angular momentum are coupled with each other. It is known

that a 1-D cutting line (or 1-D Brillouin zone) in the k-space corresponds to a

Ll [1, 81]. As far as we discuss the angular momentum from Ll = 0 to d � 1, it is

convenient to adopt the long cutting lines [81], in which there are

d (Ll ¼ 0; . . .; d � 1) cutting lines, instead of the conventional N short cutting

lines [1]. When we classified all (n, m) SWNTs, 80% of the SWNTs are classified

(a) (b)

(c)

Fig. 14 Schematics of energy levels for two different cases, a strong coupling of two valleys (intervalley
couplings), and b decoupling of two valleys (intravalley coupling). c Two different combinations of
traveling waves in the standing waves for the cases of a intervalley and b intravalley couplings
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into either metal-2 m-SWNT [82] or d ¼ 1 and d ¼ 2 s-SWNTs. The intervalley

coupling occurs when the K and K 0 valley states belong to the same Ll, which

corresponds to the cases of (1) Ll ¼ 0 for metal-2 and d ¼ 1 s-SWNTs, and (2)

Ll ¼ 1 for d ¼ 2 s-SWNTs [16, 83]. For other cases, the intervalley coupling does

not occur, and, thus, the four fold degeneracy occurs. From the viewpoint of the

rotational symmetry, intervalley coupling may occur for more than 80% of SWNTs

with the diameter region of 0:5\dt\3 nm.

In Fig. 15 we plot calculated energy levels for ðn;mÞ ¼ ð7; 4Þ, which is classified

into metal-2, with the length LNT ¼ 50 nm [83] in order to study the valley coupling

within a long cutting line that goes over both the K and K 0 points. The boundaries of
Fig. 15 are defined by cutting the nanotube with the plane orthogonal to the

nanotube axis. It is noted that both ends of the (7,4) SWNT have the same rotational

symmetry with the bulk (7,4) SWNT. Figure 15a shows one of the boundary shapes,

which contains a carbon atom with the Klein edge (an edge carbon atom that has

only one nearest neighbor atom) at the foot of the z axis. In Fig. 15b, c we plot the

energy levels, el, and the energy level separation for the l-th energy level, elþ1 � el,
respectively. The energy levels show the energy dependent degeneracy, nearly four

fold degeneracy (elþ1 � el becomes large for every 4 l’s) appears near l� � 25 and

l� 13 whereas two fold degeneracy appears near l� � 7. The alternative behavior

of the four fold and two fold degeneracies occurs by the intervalley coupling. That

is, there exist two inequivalent series of equi-spaced discrete energy levels,

�hv
ðKÞ
L p=LNT and �hv

ðKÞ
R p=LNT, as shown by the solid and dashed arrows in Fig. 15b

which are either close to (four fold degeneracy) or separated from (two fold

degeneracy) one another. The alternative behavior of degeneracies is also observed

in the experiments [75–80], which suggest that the intervalley coupling occurs.

(a)

(b)

(c)

(e)

(f)

(d)

Fig. 15 Boundary shape, calculated energy levels and eigenstates for a (7, 4) nanotube of 50.17 nm
length with two different boundaries. a Unfolded tube near the left boundary. b Energy levels el in
�35	 l	 35, and c level separation elþ1 � el as a function of l, for the boundary in a. d–f show the
unfolded tube, energy levels, and level separation, respectively, for the different boundary than a. The
case of absence of spin-orbit interaction is shown by the red cross in the lower panel of f [83]
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It should be mentioned that this behavior was considered as extrinsic factors such as

impurities and defects, which might induce the intervalley valley coupling, too.

In Fig. 15d we show slightly modified the boundary shape from Fig. 15a, by

removing the Klein edged carbon atom at the foot of z axis. The corresponding

energy levels have nearly four fold degeneracy as shown in Fig. 15e, f, which is

completely different behavior than (b) and (c) by removing just one atom. The four

fold degeneracy occurs by the weakened intervalley coupling by the edge shape

effect. Thus the shapes of edges are very sensitive to the occurrence of degeneracy,

which makes the problem difficult.

In order to study the edge effect microscopically, it is useful to project total

Hamiltonian to subHamiltonian with the angular momentum [83]. The Hamiltonian

is decomposed into a projected Hamiltonian for Ll-th angular momentum, Ll,

H ¼
P

Ll
HLl . By extracting a relevant HLl , one gets an effective 1-D lattice model,

whose detail is given in the reference [83]. The calculated results show that, in the

low energy region near the Fermi energy, HLl contains the evanescent modes of

wavefunction for the edge state in which the wavefunctions of the edge state are

localized at either the left or the right ends and either at the A sublattice or the B

sublattice. The numbers of these modes are given as a function of

(n, m) [16, 83, 84]. For example, the number of evanescent modes at the left

boundary localized at either the A or B sublattice is given by Nev
A ¼ 5 and Nev

B ¼ 4

for (7, 4) nanotubes. Combining with the two delocalized states at K or K 0 valleys
for each sublattice, there exist Nev

A þ 2 and Nev
B þ 2 independent modes for the A

and B sublattices, respectively.

The eigenfunction of each sublattice is given by the linear combination of these

modes. If the number of the boundary condition for P ¼ A or B sublattice, Nbc
P , is

equal to or larger than that of the independent modes, all the coefficients in the

eigenfunction should be zero. For this case, we have the fixed boundary condition

for the envelope function gPsð‘Þ / sinðk‘Þ, which corresponds to the conventional

standing wave. Since 1/|k| is much longer than the lattice constant, the standing

wave is formed within the same valley. Strictly speaking, the localized modes at the

A sublattice have a non-zero amplitude at the B sublattice, which makes the weak

intervalley coupling. This corresponds to the case of the Fig. 15d, in which the

number of boundary conditions for A sublattice Nbc
A ¼ 7, which is the number of

empty site in A sublattice in Fig. 15d, is equal to that of the independent mode

number, Nev
A þ 2. On the other hand, for the case of Fig. 15a, there is no fixed

boundary condition for the envelope functions since Nev
P þ 2 ¼ Nbc

P þ 1[Nbc
P .

Furthermore, it is shown that the strong intervalley coupling occurs to construct the

standing wave in the region of linear energy dispersion [16, 83].

Finally, let us briefly discuss the edge states in the energy gap region, which are

indicated by the red lines in Fig. 15b, e. It is straightforward to apply the above

analysis to count the number of edge states, by subtracting the number of boundary

conditions from the number of independent evanescent modes [83]. For the case of

Fig. 15a, as an example, the number of evanescent modes and that of the boundary

conditions for the B sublattice are given by Nev
B ¼ 6 (in the energy gap region) and

Nbc
B ¼ 5, respectively. Therefore, the number of edge states per spin and per

Top Curr Chem (Z) (2017) 375:7

123185Reprinted from the journal



boundary is given by N
edge
B ¼ 1, which is consistent with the numerical result shown

in Fig. 15b.

It is interesting and surprising for us to show that the winding number wLl as a

topological invariant defined in the bulk materials is equal to the number of edge

states [16]. The winding number is an integer to count the phase integration divided

by 2p in the k-space for the off-diagonal part of the Hamiltonian matrix defined by,

wLl ¼
1

2p

Z 2p

0

dk
o arghAkLljHLl jBkLli

ok
: ð15Þ

where jPkLli is the Bloch state of the P sublattice. By using the theorem known as

Cauchy’s argument principle in the complex analysis, the number of edge states is

the same as the winding number, which is proven in our recent work [16]. The

winding number in the bulk materials is redefined to consider the orthogonal

boundary condition, which gives the number of edge states in the finite size [16].

The bulk-edge correspondence reveals another new concept of SWNTs as topo-

logical materials. In future experiments, it would be required to measure the elec-

tronic states not only by tunneling spectroscopy with contacting electrodes but also

by the scanning tunneling spectroscopy for detecting the evanescent wave of the

wavefunction without disturbing the edge shape of SWNT.
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(2015) Phys Rev B 91:155435

80. Ferrier M, Arakawa T, Hata T, Fujiwara R, Delagrange R, Weil R, Deblock R, Sakano R, Oguri A,

Kobayashi K (2016) Nat Phys 12(3):230

81. White CT, Robertson DH, Mintmire JW (1993) Phys Rev B 47:5485

82. Saito R, Sato K, Oyama Y, Jiang J, Samsonidze GG, Dresselhaus G, Dresselhaus MS (2005) Phys

Rev B 72:153413

83. Izumida W, Okuyama R, Saito R (2015) Phys Rev B 91:235442

84. Akhmerov AR, Beenakker CWJ (2008) Phys Rev B 77:085423

Top Curr Chem (Z) (2017) 375:7

123 188 Reprinted from the journal



REVIEW

Review of Electronics Based on Single-Walled Carbon
Nanotubes

Yu Cao1 • Sen Cong1 • Xuan Cao2 • Fanqi
Wu2 • Qingzhou Liu2 • Moh. R. Amer3,4 • Chongwu
Zhou1

Received: 6 March 2017 /Accepted: 11 July 2017 / Published online: 14 August 2017

� Springer International Publishing AG 2017

Abstract Single-walled carbon nanotubes (SWNTs) are extremely promising

materials for building next-generation electronics due to their unique physical and

electronic properties. In this article, we will review the research efforts and

achievements of SWNTs in three electronic fields, namely analog radio-frequency

electronics, digital electronics, and macroelectronics. In each SWNT-based elec-

tronic field, we will present the major challenges, the evolutions of the methods to

overcome these challenges, and the state-of-the-art of the achievements. At last, we

will discuss future directions which could lead to the broad applications of SWNTs.

We hope this review could inspire more research on SWNT-based electronics, and

accelerate the applications of SWNTs.
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1 Introduction

In the past one and a half decades, continued downscaling of complementary metal–

oxide–semiconductor (CMOS) technology toward nanoscale dimensions (e.g. sub-

14-nm technology nodes) has been enabled by tremendous research breakthroughs

and engineering innovations, such as the introduction of strained silicon channels,

implementing high-j/metal-gate dielectric stacks, and the use of non-planar

transistor structures such as double-gate and fin field-effect transistors (FinFETs).

Scaling beyond the silicon roadmap has generated much interest in the research of

low-dimensional [i.e. one-dimensional (1D) and two-dimensional (2D)] electronic

systems, the synthesis of nanomaterials, and the fabrication of nanoscale electronic

devices. Low-dimensional nanomaterials have the desired scaling potential and also

provide access to novel physical phenomena that results in unique electronic

properties with exceptional transport characteristics that can enable future high-

speed and low-power applications. In addition, low-dimensional materials bring

new opportunities for flexible and portable electronics due to their ultrathin

thickness. Single-walled carbon nanotubes (SWNTs) are the most prominent

representatives of 1D nanomaterials. SWNTs, with diameters ranging between 1

and 3 nm, have chirality-dependent properties. Of particular interest, semiconduct-

ing SWNTs have shown to exhibit high mobility, high current-carrying capability,

small intrinsic capacitance, and extraordinary thermal and mechanical properties

[1–5]. Owing to their unique properties, SWNTs have been widely investigated as

the channel materials for radio-frequency (RF) electronics, digital electronics, and

macroelectronics.

In the application of RF electronics, researchers have devoted a majority of their

efforts to improving the RF performance of SWNT transistors [6–18]. Different

device structures, channel length scaling, and key SWNT parameters, such as

diameter, semiconducting purity, and alignment, have all been investigated. The

milestone came in 2016 when SWNT RF transistors with cut-off frequencies greater

than 70 GHz were reported [11]. In addition, the linearity performance of these

SWNT RF transistors has also been characterized [8, 11, 13, 14, 17–20]. Moreover,

circuits (e.g. mixers and frequency doublers) [14, 16, 21] and systems (e.g. radio

receivers) [4, 22, 23] based on SWNT RF transistors have also been demonstrated

by several research groups.

In the application of digital electronics, significant progress has been achieved

experimentally. SWNT-based digital systems are theoretically proven to have more

than one order of magnitude higher energy-delay product in comparison with Si-

based complementary metal–oxide–semiconductor (CMOS) technologies [24].

Field-effect transistors (FETs) based on a single nanotube [2, 5, 25–31] and aligned

nanotube arrays [32–35] have all been fabricated and characterized, showing the

tremendous potential for building future energy-efficient digital systems. SWNT

FETs have also been further optimized in regard to nanotube alignment, dielectrics,

and metal contact, and the channel length scaling of these transistors has been

investigated systematically. Moreover, various methods to achieve n-type SWNT

FETs have been developed, and complementary operations of SWNT FETs have
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been demonstrated [36–43]. With the advancement in the transistor performance,

both SWNT digital circuits and systems, e.g. central processing units (CPUs), have

been demonstrated [35], and three-dimensional (3D) integration of SWNT digital

electronics to achieve higher transistor density and more logic functions per area

have been under active investigation [44–47].

In the application of macroelectronics, SWNT networks are considered as

excellent materials for thin-film transistors (TFTs) due to their superior electrical

performance, reliability, flexibility, and transparency [48–61]. A variety of methods

to achieve pure, high-density, high-semiconducting, and highly uniform SWNT

networks have been developed [48–50, 52, 54, 56, 62–73]. TFTs have been

fabricated based on these SWNT networks on both rigid and flexible substrates and

have been demonstrated to drive various displays and sensors [55–57, 74–76], and

even to work as building blocks for digital circuits and systems

[33, 48, 53, 68, 71, 77–82]. In addition, the application of SWNTs has extended

into printed electronics due to their printability, and has generated great impacts in

achieving large-scale and low-cost macroelectronics [49, 83–89].

In this review, we will discuss all the significant progress in the development of

SWNT-based electronics, including SWNT-based RF electronics, SWNT-based

digital electronics, and SWNT-based macroelectronics, including printed electron-

ics. In the last part, further development of SWNT-based electronics will be

discussed.

2 SWNT RF Electronics

The extraordinary properties of SWNTs, such as nanoscale size, high mobility,

small intrinsic capacitance, and high current-carrying capability, make SWNTs one

of the excellent materials for RF electronics [1–5]. In this research field, the

majority of the efforts are devoted to improving the current gain cut-off frequency

(ft) and the maximum oscillation frequency (fmax) of SWNT RF transistors which

are important for future circuit-level applications [6–18]. Recently, the RF

performance of SWNT transistors has been advanced to 70 GHz which is ready

for practical applications [11].

2.1 SWNT RF Transistors Based on CVD-Aligned Nanotubes

Arrays of aligned SWNTs are one existing form of the nanotubes used as the

channel materials for RF transistors [10, 14–16]. Chemical vapor deposition (CVD)

is a widely used method to produce aligned SWNT arrays [10, 90–92]. The density

of such aligned nanotube arrays can be as high as 130 nanotubes/lm by carefully

engineering the catalyst and controlling the synthesis conditions [10]. The CVD-

synthesized SWNT arrays are a mixture of semiconducting and metallic nanotubes,

and the semiconducting purity of such CVD-aligned SWNT with high density is

usually *60%. However, these nanotube arrays can be directly used for RF

transistors. Unlike digital electronics which require an extremely high current on/off

ratio, a high current on/off ratio is not a necessity for RF electronics.
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Kocabas et al. are one group of pioneers who reported SWNT RF transistors

based on CVD-aligned SWNTs [15]. Figure 1a presents their schematic cross-

sectional illustration of the SWNT RF transistor layout. The density of the CVD-

aligned SWNTs is 2–5 nanotubes/lm, and the channel length (L) is 700 nm. Their

device layout, which utilizes a double-channel configuration (two gate electrodes

and two drain electrodes surrounding a drain electrode), is one of the two commonly

used device structures for SWNT RF electronics. However, the drawback of this

device structure is that there exist either un-gated channel regions or overlapped

gate-to-source/drain regions which adversely affect the RF performance. Figure 1b

Fig. 1 a, b Schematic cross-sectional illustration of the SWNT RF transistors, and the corresponding
frequency response, respectively. Adapted with permission from Ref. [15]. Copyright (2009) American
Chemical Society. c, d SEM and AFM images of the high-density SWNT arrays on a sapphire surface,
and the corresponding frequency response of the transistors based on these high-density aligned SWNTs,
respectively. Adapted with permission from Ref. [10]. Copyright (2015) Nature Publishing Group. e,
f Schematic of the CVD-aligned SWNT RF transistor with the self-aligned, self-oxidized, aluminum,
T-shaped gate structure, and the corresponding frequency response, respectively. Adapted with
permission from Ref. [14]. Copyright (2013) American Chemical Society
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shows the RF performance of their SWNT RF transistor. According to the current

gain (H21), unilateral power gain (U), and maximum available gain (MAG)

frequency response between 0.5 and 50 GHz, the ft, which is the unity current gain

frequency, and the fmax, which is the unity power gain frequency, are *5 and

*9 GHz, respectively.

One method to improve the RF transistors based on CVD-aligned SWNTs is to

increase the SWNT density. Hu et al. successfully achieved SWNT arrays with a

density of 130 nanotubes/lm by using a Trojan catalyst [10]. Figure 1c shows SEM

and AFM images of the as-grown high-density SWNT arrays on a sapphire surface.

The RF performance of a typical SWNT transistor based on the high-density

nanotube arrays with L = 1200 nm is shown in Fig. 1d. The extrinsic ft and fmax are

5 and 11 GHz, respectively. The intrinsic ft and fmax after device de-embedding,

which would remove only the parasitics from the bonding pads without removing

the capacitances associated with the gate, and reveal the performance of RF

transistors achievable for practical applications, is 7 and 14 GHz, respectively.

These RF transistors have similar device structure and RF performance as those

reported by Kocabas et al. [15] but with a much larger channel length, indicating

that one can achieve better RF performance by increasing the aligned nanotube

density.

Another method to improve the RF transistors based on CVD-aligned SWNTs is

to use a self-aligned gate structure. A self-aligned, self-oxidized, aluminum,

T-shaped gate structure has been developed, as is shown in Fig. 1e [14]. This self-

aligned, self-oxidized, aluminum, T-shaped gate structure has the advantages of

reducing the gate parasitic capacitance, decreasing the gate resistance, scaling down

the channel length, and offering optimized gate control. With this gate structure, the

channel length of SWNT RF transistors has been scaled down to *140 nm, and the

thickness of the gate dielectric (self-oxidized Al2O3) has been reduced to 2–4 nm.

The RF performance of these CVD-aligned SWNT transistors with a nanotube

density of *5 nanotubes/lm is shown in Fig. 1f. The extrinsic ft is as high as

25 GHz, and the intrinsic ft after intrinsic de-embedding, which would remove the

parasitics from both the bonding pads and the fringe capacitances associated with

the gate, and reveal the upper-limit performance of the material’s properties, is

*100 GHz. The fmax is *9 GHz. One can find that the ft of these transistors with a

self-aligned gate structure has been greatly improved compared with those without a

self-aligned gate structure. The fmax does not show significant improvement due to

the low semiconducting purity of CVD-aligned SWNTs. Ding et al. also developed

a similar self-aligned gate structure for single-nanotube transistors, and also

demonstrated improved RF characteristics [93].

2.2 SWNT RF Transistors Based on Nanotube Networks

SWNT networks can also be used to make RF transistors. In comparison with CVD-

aligned SWNT arrays, SWNT networks are usually formed by dispersing pre-

separated SWNT solutions onto target substrate. The advantages of SWNT

networks are that the SWNTs could be of much higher semiconducting purity than

the CVD-aligned SWNTs, which helps the fmax of the RF transistors. In addition, the
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diameter distribution of SWNTs could also be engineered to achieve the optimal

diameter range for RF transistors. However, unlike aligned SWNT arrays where the

charge transport is electrically continuous and has an independent pathway, the

charge transport in SWNT networks is based on percolation transportation. The

tube-to-tube junctions will limit the maximum carrier mobility achievable, which

limits both the ft and fmax of RF transistors. However, SWNT networks still provide

an important platform to investigate the RF performance of SWNTs, and researchers

have demonstrated RF transistors based on SWNT networks [7, 8, 13, 17, 18].

The effects of SWNT semiconducting purity and diameter distribution on the

performance of RF transistors based on SWNT networks have been investigated

systematically [17, 18]. Cao et al. applied the excellent self-aligned, self-oxidized,

aluminum, T-shaped gate structure to a variety of SWNT networks for the

investigations, as schematically shown in Fig. 2a. Figure 2b, c shows the extrinsic

and intrinsic current gain frequency response and power gain frequency response of

RF transistors based on SWNTs with 99.99% semiconducting purity, respectively

[17]. The extrinsic ft and fmax are 22 and 19 GHz, respectively, and after device de-

embedding, the intrinsic ft and fmax are 28 and 25 GHz, respectively. The RF

performance is better than that based on SWNT networks with lower semicon-

ducting purity, indicating the importance of achieving ultrahigh semiconducting

purity separation of SWNTs for RF applications. In addition, Cao et al. also

investigated the effects of diameter distribution [18]. Figure 2d shows the diameter-

separated SWNT solution which has a tight diameter distribution and an average

diameter of *1.6 nm. The RF performance of these transistors based on the

diameter-separated SWNTs are shown in Fig. 2e, f. The ft and fmax are 23 and

Fig. 2 a Schematic of the RF transistors based on SWNT networks. Adapted with permission from Ref.
[18]. Copyright (2016) American Institute of Physics. b, c Current gain frequency response and power
gain frequency response of RF transistors based on ultrahigh-purity semiconducting SWNTs,
respectively. Adapted with permission from Ref. [17]. Copyright (2016) Springer. d–f Optical
absorbance spectrum of the diameter-separated SWNTs, the current gain frequency response, and the
power gain frequency response, respectively. Adapted with permission from Ref. [18]. Copyright (2016)
American Institute of Physics
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20 GHz before de-embedding, and are 65 and 35 GHz after intrinsic de-embedding,

respectively. The RF performance is similar to that based on 99.99% ultrahigh-

purity semiconducting SWNTs, indicating the necessity to achieve diameter

separation for SWNT RF electronics.

We note that the superior RF performance achieved with SWNT networks even

outperforms the best RF transistors based on CVD-aligned SWNTs, suggesting that

SWNT networks are a valuable platform for nanotube RF electronics.

2.3 SWNT RF Transistors Based on Aligned Pre-separated SWNTs

Based on the discussions above, CVD-aligned SWNTs have the advantages of free

tube-to-tube junctions and high-density while suffering from low semiconducting

purity and degraded output resistance. In comparison, SWNT networks have the

advantages of high semiconducting purity and engineered diameter distribution,

while having the disadvantages of tube-to-tube junctions and low density. The best

platform for SWNT RF transistors is to use SWNTs which go through the process of

post-synthesis sorting and assembly, combining the advantages of CVD-aligned

SWNTs and SWNT networks together.

Le Louarn et al. reported using a dielectrophoresis (DEP) assembly method to

achieve aligned SWNTs for the RF transistors [12]. The transconductance increased

by a factor of 2.5 compared with their previous work using SWNT networks, and

the de-embedded ft was 30 GHz. However, their SWNTs still suffered from a low

semiconducting purity. Steiner et al. used SWNTs with a much higher semicon-

ducting purity (*99.6%), and also achieved aligned SWNTs using the DEP

assembly method [9]. Their RF transistors showed a big improvement for SWNT

RF electronics. With a channel length of 100 nm, the extrinsic ft and fmax were 7 and

15 GHz, respectively. The intrinsic ft and fmax were 153 and 30 GHz, respectively,

using an intrinsic de-embedding structure. However, the fmax of the RF transistors is

still far below the ft, which limits the highest frequency of their SWNT RF

transistors in practical applications since a power gain is needed for real

applications.

Recently, significantly improvement of the SWNT RF transistors has been

achieved by the combined use of well-aligned, ultrahigh-purity semiconducting

([99.99%), high-density SWNTs and our self-aligned, self-oxidized, aluminum,

T-shaped gate structure [11]. The well-aligned, ultrahigh-purity semiconducting,

high-density SWNTs are achieved by dose-controlled, floating evaporative self-

assembly (DFES) of poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,60-(2,20-bipyr-

idine))] (PFO-BPy) separated SWNTs. Figure 3a shows the SEM image of one

channel region of a typical SWNT RF transistor. The T-shaped gate, self-aligned

source and drain electrodes, and aligned PFO-BPy-sorted SWNTs underneath are

clearly demonstrated. The RF performance of these SWNT RF transistors are shown

in Fig. 3b, c. The extrinsic ft and fmax of these transistors are both *40 GHz. The

intrinsic ft and fmax are 80 GHz and 70 GHz with device de-embedding, and

100 GHz and 70 GHz with intrinsic de-embedding, respectively. The RF perfor-

mance exceeds all previously reported SWNT RF transistors, especially for the fmax,

which is at least twice that of the best previously reported results. The SWNT RF
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transistor advances the state-of-the-art of SWNT RF electronics, and may find broad

applications for signal amplifications, wireless communications, and future flexible/

wearable electronics.

2.4 Linearity Performance of SWNT RF Transistors

One great advantage of SWNT RF transistors is their linearity. Baumgardner et al.

theoretically predicted that a carbon nanotube (CNT)-based field-effect transistor

with ohmic contacts, quantum capacitance, and ballistic single-subband transport is

inherently linear [19]. However, achieving the above conditions are difficult in

realistic devices. Mothes et al. later used simulations to show that the requirements

for high-linearity SWNT transistors could be relaxed with a moderate Schottky

barrier at the source contact [20].

In addition to the simulation efforts, the linearity performance of SWNT RF

transistors can be measured using single-tone and two-tone tests. Cao et al. have

measured the linearity performance of the best SWNT RF transistors based on

aligned PFO-BPy-separated SWNTs [11]. Figure 4a shows the schematic of the

measurement setup commonly used for single-tone and two-tone tests [17]. In the

single-tone test, they apply an RF single of a fixed frequency to one input of the

measurement setup with various powers, and measure the power of the fixed

frequency component at the output. A 1-dB gain compression point (P1 dB), which

defines the power level that causes the gain to drop by 1 dB from its small signal

value, can be used to characterize the linearity. Figure 4b shows the results of the

single-tone test. The P1 dB is 13–14 dBm. In the two-tone test, they apply two RF

singles with a small frequency difference to the two inputs of the measurement

setup, and measure the powers of the fundamental frequency term and the third-

order frequency term at the output. Input third-order intercept point (IIP3) is defined

as the input power level which causes the fundamental frequency term and the third-

order frequency term to have the same output power level. Figure 4c shows the

results of the two-tone test. IIP3 is *22 dBm at a frequency of 8 GHz. Further

improvement of the linearity performance of SWNT RF transistors can be achieved

by carefully engineering the gate dielectric and source/drain contacts.

Fig. 3 a SEM image of a channel region of the RF transistor based on PFO-BPy-separated aligned
SWNTs. The T-shape gate, self-aligned source and drain, and aligned polyfluorene-sorted SWNTs
underneath are clearly demonstrated. b, c Current gain frequency response, and power gain frequency
response, respectively. Adapted with permission from Ref. [11]. Copyright (2016) American Chemical
Society
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2.5 Circuit Applications Based on SWNT RF Transistors

In addition to transistor-level investigation of SWNT RF transistors, research groups

have integrated SWNT RF transistors into circuits for realistic applications

[4, 14, 16, 21–23].

Kocabas et al. demonstrated a radio which utilized four SWNT RF transistors

[22]. The circuit schematic, images, and frequency response are shown in Fig. 5a–c.

Fig. 4 a Schematic of the measurement setup for single-tone and two-tone tests. Adapted with
permission from Ref. [17]. Copyright (2016) Springer. b, c Single-tone and two-tone test results for the
RF transistors based on PFO-BPy-separated aligned SWNTs. Adapted with permission from Ref. [11].
Copyright (2016) American Chemical Society
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The radio could record a commercial broadcast of a traffic report. Rutherglen et al.

and Jensen et al. also demonstrated components in a receiver built with SWNT RF

transistors [4, 23]. These receivers represent the most complex circuits so far built

with SWNT RF transistors. With the advancement of SWNT RF transistors, circuits

and systems with more complex functions and higher operation frequencies are

expected to be built. Considering that SWNTs have the inherent high linearity and

could be made to be flexible, these circuits and systems may find broad applications

for signal amplification, wireless communication, and wearable electronics.

Fig. 5 a Block and circuit diagrams of a radio that uses SWNT transistors for the resonant antenna, two
fixed RF amplifiers, an RF mixer, and an audio amplifier. b Image of the radio, with magnified views of
SWNT transistor wire bonded into DIP packages. c Power spectrum of the radio output, recorded during a
commercial broadcast of a traffic report. Adapted with permission from Ref. [22]. Copyright (2008)
National Academy of Sciences of the United States of America
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3 SWNT Nanoelectronics

SWNTs, due to their exceptional intrinsic carrier mobility [5], high saturation

velocity [94], and quasi-1D structure, may offer various advantages for future

digital electronics. Furthermore, the quasi-ballistic transport property of SWNTs

enables a lower energy delay product predicted to outperform silicon-based

complementary metal–oxide–semiconductor (CMOS) technologies [24]. During the

past few years, SWNT-based devices and circuits have been making progress in

various aspects under intense research.

3.1 Single SWNT Transistor

With the progress in nanotube synthesis, researchers have the material platform and

are making further steps to gain better comprehension of the electrical transport

properties of the SWNT FETs. Due to the fact that the properties of individual

nanotubes may vary strongly from one another, it is indispensable to fabricate a

transistor with a single nanotube present in the channel to fully understand the

transport properties of each nanotube. Since the report of the first individual SWNT

FETs [25], the high current-carrying capacity in the quantum ballistic regime [2],

the high carrier mobility in the diffusive regime [5], and the low leakage current

[26] have all been investigated. Furthermore, researchers have also worked

extensively to improve the device performance by carefully studying the ohmic

contacts between SWNTs and the contact metal, optimizing the device structures,

and scaling down the device dimensions.

Up to now, the superior intrinsic properties of SWNTs have been confirmed by

single nanotube FETs. Javey and coworkers did pioneering work by demonstrating

high-performance ballistic SWNT FETs using palladium (Pd) contacts, with the

room-temperature conductance near the ballistic transport limit of G0 = 4e2/h and

the high current-carrying capability of 25 lA per tube [2]. Kim and co-workers

developed a method to deduce the mean free path by studying the channel length

dependence of the channel resistance, where they confirmed that the long mean free

path of SWNTs is on the order of a millimeter [27]. To study the diffusive transport,

Durkop et al. fabricated semiconducting SWNT FETs with ultralong channel

lengths larger than 300 microns, and estimated the intrinsic SWNT mobility to be

10,000 cm2 V-1 s-1 at room temperature, which was the highest value for all

known semiconductors at the time of study [5]. Weitz and coworkers demonstrated

that transistors based on individual CNTs can achieve large transconductance

(5 lS), small subthreshold swing (68 mV/dec), large on/off ratio (107), and good

reliability of performance under ambient conditions simultaneously [28].

For future high-performance SWNT circuits, the scaling of SWNT FETs is

inevitable to pack more transistors on the chip. Of all the scaling parameters, two

dimensions are critical, i.e., the channel length (Lch) and the contact length (Lc).

Understanding the scaling behavior of both Lch and Lc are crucial for the integration

of SWNT FETs. The IBM group fabricated a series of transistors with channel

length scaled from 3 mm to 15 nm on the same SWNT, and demonstrated that these
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nanotube transistors maintained their performance without the presence of short-

channel effects [29]. When Lch is aggressively scaled, the on state performance

improves significantly, potentially leading to a high-speed circuit. The SEM image,

transfer (ID–VLBG), and output (ID–VDS) characteristics of these devices are shown

in Fig. 6a–c. The 15-nm device has the shortest channel length and highest room-

temperature conductance (0.7 G0) and transconductance (40 lS). In a separate

work, the same group further pushed the Lch scaling, and demonstrated a sub-10-nm

SWNT transistor [30]. The transistor outperforms the best competing silicon devices

with more than four times the diameter-normalized current density (2.41 mA/lm) at

a low operating voltage of 0.5 V. In terms of contact length scaling, for large

contact lengths ([100 nm), some studies have suggested that sharp needle-like

contacts are ideal, since transport between a metal and a nanotube occurs only at the

contact edge [95, 96]. On the contrary, for contact length less than 100 nm, the IBM

group applied the same strategy as in the Lch scaling study, i.e., with multiple

devices located on the same nanotube, to study the contact length scaling from 20 to

100 nm, and showed that Lc scaling affects the on state far more dramatically than

the off state of a device [29]. Figure 6d–f shows the contact length dependence of

the SWNT FET performance. To tackle the short contact length scaling effects, Cao

et al. developed an end-bonded contact scheme that allows scaling the contacts to

10 nm and beyond without increasing contact resistance [31]. The molybdenum film

acts as the source and drain for the FETs and reacts with the CNT to form a carbide

contact. Figure 6g shows the schematic of such carbide contact. Figure 6h shows a

false-colored SEM image of a set of transistors with such carbide contact, and

Fig. 6i shows the corresponding transfer characteristics. The molybdenum nanotube

end-bonded contact exhibited no Schottky barrier. Using the bonded contact

method, a p-type SWNT transistor with sub-10-nanometer contact length was also

fabricated, showing high performance of channel resistance below 36 kX and on

current above 15 lA per tube. Recently, Qiu et al. at Peking University further

scaled the gate length of single SWNT FETs down to 5–10 nm [97]. Figure 6j, k

shows the TEM images of the cross-sections of p-type and n-type transistors with a

gate length of 10 nm, respectively. The transfer characteristics of the p-type and

n-type transistors are shown in Fig. 6l. The p-type and n-type transistors exhibited

nearly symmetric performance. In addition, the on-state current was as high as

17.5 lA for the p-type FET and 20 lA for the n-type FET at a relatively low bias of

0.4 V, demonstrating the potential of the SWNT FETs for low-power applications.

3.2 N-Type SWNT Transistors

In logic circuit applications, CMOS operation is highly preferable for the sake of

various advantages including rail-to-rail swing, large noise immunity, and small

static power consumption. Given the fact that SWNT transistors typically exhibit

p-type behavior due to oxygen exposure [98], it is equally important to reliably

convert nanotube devices into n types. One approach is to use low work function

(UM) metals as the contacts, in a way the Fermi level of the electrodes can be

aligned with the conduction band edge of SWNTs, giving ohmic contacts for

electron carrier transport. A variety of low work function metals have been
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investigated, including gadolinium [36], yttrium [37], scandium [38], and erbium

[39]. Ding et al. used yttrium as the source and drain contacts for top-gate FETs

Fig. 6 Single nanotube transistor. a–c Effects of channel length scaling on nanotube transistor
performance a SEM image of a set of transistors on the same nanotube with different channel lengths.
b Subthreshold ID–VLBG curve from devices with channel lengths of *15 nm, 300 nm, and 3 mm.
c Output ID–VDS characteristics of devices in (b). d–f Effects of contact length scaling on nanotube
transistor performance. d SEM image of a set of transistors on the same nanotube with different contact
lengths. e Subthreshold ID–VLBG curve from devices with contact lengths of 100, 70, 50, 30, and 20 nm.
Inset shows the dependence of gm on Lc. f Output ID–VDS characteristics of devices in (e). Adapted with
permission from Ref. [29]. Copyright (2010) Nature Publishing Group. (g–i) Mo end-contacted SWNT
transistors. g Schematics showing the SWNT is attached to the bulk Mo electrode through carbide bonds
while the C atoms from the originally covered portion of the SWNT uniformly diffuse out into the Mo
electrode. h False-colored SEM images of a set of transistors fabricated on the same nanotube, with Lc
ranging from 20 to 300 nm. Scale bar 400 nm. i Collection of transfer characteristics from a set of Mo
end-contacted single-nanotube transistors with different Lc plotted in both linear (lines, left axis) and
logarithmic (symbols, right axis) scales with applied VDS of -0.5 V. Adapted with permission from Ref.
[31]. Copyright (2015) American Association for the Advancement of Science. j, k TEM images showing
the cross-sections of a p-type FET and n-type FET; gate length 10 nm, channel length 20 nm. l Transfer
characteristics (drain current Ids versus gate voltage Vgs) of typical CMOS FETs fabricated on a single
SWNT with a diameter of 1.3 nm at a drain bias Vds = ±0.4 V. The solid blue and olive curves represent
SWNT p-type and n-type FETs, respectively. j–l Adapted with permission from Ref. [97]. Copyright
(2017) American Association for the Advancement of Science
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with a single SWNT as the channel, and demonstrated n-type transistors with

subthreshold swing (SS) of 73 mV/dec and drain-induced barrier lowering (DIBL)

of 105 mV/V, as shown in Fig. 7a, b [37]. Shahrjerdi et al. performed a thorough

experimental study of n-type contacts for SWNT FETs based on erbium (Er,
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UM = 3.0 eV), lanthanum (La, UM = 3.5 eV), and yttrium (Y, UM = 3.1 eV) [39].

Figure 7c shows the schematic of the bottom gate SWNT n-type FET (n-FET) and

the corresponding high-resolution TEM image, which gives details of the Er contact

with the oxidation layer and the Al encapsulation layer. The results suggest that by

employing Er contacts, significant improvements in device characteristics can be

achieved. Figure 7d shows the effect of partial oxidation of Er (left) and Y (right)

electrodes on device performance. Due to rapid oxidation, the device performance

degrades with increasing contact layer thickness. Controlling process parameters

such as low base pressure and high deposition rate can help mitigate the oxidation

effects. The electrical characteristics of n-FET devices with Er electrodes were

shown to remain stable upon storage in air by employing a hydrophobic polymer

deposited at 150�C. It is worthwhile to note that the technique of applying low work

function metal to achieve n-type transistors can be applied to both a single nanotube

and also an array of aligned tubes. A small work function metal gadolinium (Gd)

with a work function of *3.1 eV has been used by Wang et al. in aligned nanotube

transistors [40]. Figure 7e shows the schematic of Gd used as n-type contact in air-

stable, n-type, aligned nanotube transistors. The transistor transfer characteristics

are shown in Fig. 7f, and the linear output characteristics indicate good ohmic

contacts between SWNTs and the Gd contacts.

Another approach is to take advantage of the gate dielectric to give rise to n-type

doping in SWNTs. Liyanage et al. applied low work function metal oxides (Y2O3)

as the gate dielectrics to SWNT FETs [41]. This novel and very-large-scale-

integrated (VLSI)-compatible doping technique enables wafer-scale fabrication of

high performance n-type SWNT transistors. The partially oxidized yttrium gives

rise to n-type doping in SWNTs. Figure 7g shows the schematic of the Y2O3 gate

dielectric SWNT FETs. From Fig. 7h, we can see the transistors demonstrate good

n-type behavior with high performance of a large on current, high on/off ratio, and

small subthreshold voltage swing.

The third approach is to apply chemical and electrostatic doping methods to

provide excess electrons to promote electron tunneling and conduction [42].

Recently, Geier et al. reported the controlled n-type doping of SWNT thin-film

transistors with a solution-processed pentamethylrhodocene dimer [(RhCp*Cp)2]

[43]. Its molecular-scale thickness enables large-area arrays of top-gated, high-

yield, n-type SWNT transistors, as shown in Fig. 7i. Figure 7j shows the transfer

curves for the top-gated SWNT TFTs for different exposure times, which shows the

conversion of the top-gated SWNT TFTs into n-types under 10-min dopant

exposure. The air-stable n-type dopant study will thus facilitate ongoing efforts to

realize high-density SWNT integrated circuits.

bFig. 7 N-type transistors from Ref. [37, 39–41, 43]. Schematic (a, c, e, g, i) and characteristics (b, d, f, h,
j) of low work function metal, low work function metal aligned SWNT array, gate dielectric doping, and
chemical doping N-type transistors, respectively. a, b Adapted with permission from Ref. [37]. Copyright
(2009) American Chemical Society. c, d Adapted with permission from Ref. [39]. Copyright (2013)
American Chemical Society. e, f Adapted with permission from Ref. [40]. Copyright (2011) American
Chemical Society. g, h Adapted with permission from Ref. [41]. Copyright (2014) American Chemical
Society. i, j Adapted with permission from Ref. [43]. Copyright (2016) American Chemical Society
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3.3 Transistors and Digital Circuits Based on Aligned SWNTs

In spite of the great potential of SWNTs demonstrated by single SWNT transistors,

in terms of commercial applications, the device-to-device variation can undermine

their benefits. Different factors can contribute to the variations, such as chirality,

oxygen adsorption, and defects. Multiple aligned SWNTs within the same device

channel can average out the SWNT properties and greatly reduce device variation.

Another advantage of aligned nanotube arrays is the simultaneous contribution to

the device current by multiple SWNTs, which can multiply the device conductance.

CVD-grown SWNTs on crystalline substrates like quartz and sapphire can yield

highly aligned nanotubes. Using the massive aligned nanotube arrays grown by

CVD on sapphire, our group reported a high yield and registration-free nanotube-

on-insulator approach, analogous to the silicon-on-insulator approach adopted by

the semiconductor industry [32]. To overcome the drawbacks of small sample size,

large millimeter-scale channel length, and unavailability of controlled doping, our

group reported a full-wafer scale CMOS analogous fabrication with SWNT

transistors feature size down to 0.5 lm [33]. After nanotube synthesis and transfer,

the SWNT transistors employ the top-gate structure, and the metallic nanotubes

inside the channel regions are removed by electrical breakdown to improve the

current on/off ratio. P-type SWNT transistors are converted to n-type by potassium

and electrostatic doping. Combining all the advantages, CMOS inverters, NAND,

and NOR gates based on aligned SWNT array transistors are demonstrated in

Fig. 8a. To demonstrate the feasibility of SWNT FET circuits at a highly scaled

Fig. 8 Transistors and digital circuits based on aligned nanotubes. a Optical images of SWNT transistors
and circuits built on a 4-inch Si/SiO2 wafer: 1 back-gated transistor; 2 top-gated transistor; 3 CMOS
inverter; 4 NOR logic gate; 5 NAND logic gate. Adapted with permission from Ref. [33]. Copyright
(2009) American Chemical Society. b SEM of an integrated SWNT FET IR sensor and interface circuit
(left), along with processing steps (right). Adapted with permission from Ref. [34]. Copyright (2014)
American Chemical Society. c SEM of the SWNT computer. Adapted with permission from Ref. [35].
Copyright (2013) American Association for the Advancement of Science
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technological node, Shulaker et al. at Stanford reported the first VLSI-compatible

approach for SWNT FETs with devices as small as sub-20-nm channel lengths [34].

They demonstrated inverters functioning at 1 MHz and a fully integrated SWNT

FET infrared (IR) light sensor and interface circuit at 32-nm channel length. The

SEM images of the integrated SWNT FET IR sensor and interface circuit are shown

in Fig. 8b. This demonstration is one step closer to highly scaled SWNT FET

circuits as a digital VLSI technology.

In terms of the circuit complexity, the first SWNT computer has been

demonstrated by the same Stanford group as an important milestone in the practical

application of SWNT digital electronics [35]. The SWNT computer runs an

operating system and achieves multitasking of counting and integer sorting

simultaneously. The SEM of the computer comprising of instruction fetch, data

fetch, arithmetic operation, and write back system is shown in Fig. 8c. Despite the

fact that the first computer still has many aspects to improve, such as the PMOS-

only logic and the low clock speed, the experimental demonstration of a SWNT

computer is a breakthrough in the next generation of SWNT-based, highly energy-

efficient electronic systems.

3.4 Large-scale Assembly of SWNTs

The materials challenges in the alignment and placement of SWNTs, as well as in

the removal of metallic SWNTs, have prevented SWNTs from fully achieving their

exceptional electronic properties. Joo et al. reported a novel yet simple method to

deposit aligned semiconducting SWNTs on substrates via a dose-controlled, floating

evaporative self-assembly (FESA) method [99]. The process starts from sorted

SWNT solution with semiconducting purity of more than 99.9%. When dropping

the solvent with semiconducting SWNT solution at a certain dose onto the water

surface, the dose-covered air/water interface will spread out and reach the substrate.

The solvent of the SWNT solution will evaporate, and SWNTs will stay on the

substrate and align with the air/water interface. Repeatedly applying the solution

dose and pulling out the receiving substrate at optimized speeds can give stripes of

aligned nanotubes on the substrate. The FESA method can give high-density,

aligned SWNTs with high semiconducting purity and few defects. The FESA steps

are illustrated in Fig. 9a. The density of the assembled aligned tubes can be as high

as 40–50 tubes/lm. Based on the FESA platform, Grady et al. studied superior

back-gated FET performance fabricated from these SWNT arrays, and achieved

high on-conductance and a high on/off ratio simultaneously [100]. The schematic of

the gate structure and the SEM image of the device channel area are shown in

Fig. 9b, c, respectively. For a channel length (Lch) of 240 nm, the on-conductance

(Gon) per width and an on/off ratio (Gon/Goff) are as high as 261 lS/lm and

2 9 105, respectively (Fig. 9d), and for an Lch of 1 lm, the corresponding

performances are 116 lS/lm and 1 9 106, respectively (Fig. 9e).
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3.5 3D Integration and Novel Structures of SWNT Transistors

In order to increase the transistor density and/or improve the SWNT FET

performance, different integration methods and gate structures have been proposed

and demonstrated. Wei et al. reported a scalable integration process for monolithic

3D integrated circuits (3D ICs) using SWNT FETs [44]. In their approach, SWNT

FETs with high ION/IOFF can be flexibly placed on arbitrary layers of monolithic 3D

ICs, and connected using conventional vias to build fully complementary

monolithic 3D logic gates and multi-stage logic circuits. The monolithic 3D logic

gates can operate correctly over a range of supply voltages from 3 to 0.2 V, which

shows the robustness of the method.

Constructing ICs along a single SWNT is another novel idea to minimize the

effect of variation in different nanotubes and shows SWNT FETs can be used as a

building block for electronics [101–104]. In 2001, Derycke et al. reported both p-

and n-type transistors on the same nanotube for the first complementary nanotube-

based inverter logic gate [102]. In 2006, Chen et al. demonstrated a CMOS 5-stage

ring oscillator built entirely on a single 18-lm-long SWNT [103]. Later in 2014, Pei

et al. reported an innovative modularized construction of ICs on individual CNTs

[104]. In their work, pass-transistor-logic style 8-transistor (8-T) units were built

and used as multifunctional function generators. The units have good tolerance to

inhomogeneity in the CNTs and were used as building blocks for general ICs. An

8-bits BUS system used to transfer data between different systems in a computer

was constructed.

Other possible novel SWNT gate structures with potential performance

advantages at the circuit level including FinFETs [45] and gates all around [46]

Fig. 9 Large-scale assembling of CNTs. a Schematic illustration of the iterative (FESA) process used to
fabricate aligned nanotubes-SWNTs driven by the spreading and evaporation of controlled doses of
organic solvent at the air/water interface. Adapted with permission from Ref. [99]. Copyright (2014)
American Chemical Society. b Schematic of SWNT FET architecture. c Top–down SEM image of
SWNT spanning Pd electrodes of a 240-nm Lch SWNT FET (scale bar 100 nm). d, e Transfer
characteristics at VDS = -1 V (black) and -0.1 V (red) for a champion SWNT FET of Lch = 240 nm
and Wch = 3.8 lm in (d) and Lch = 1070 nm and Wch = 3.8 lm in (e). Adapted with permission from
Ref. [100]. Copyright (2014) American Chemical Society
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have also been analyzed and studied. Furthermore, combining SWNT FETs with

other semiconductors such as silicon to achieve CMOS integration [47] shows the

promising future for high-performance digital logic applications.

4 SWNT Macroelectronics

4.1 Fabricated SWNT TFTs

The use of SWNT networks present a highly promising path for the realization of

high-performance TFTs for macro and flexible electronic applications. Using

SWNT random networks for TFTs has many significant advantages: SWNT thin

films are mechanically flexible, optically transparent, and can be prepared using

solution-based room-temperature processing, all of which cannot be provided by

amorphous and polysilicon technologies [48–61]. The most common assembly

methods for random nanotube networks including direct CVD growth [48, 62], dry

filtration [54], evaporation assembly [63], spin coating [64–66], drop coating

[56, 67–71], and printing [49, 50, 52, 72, 73].

4.1.1 Gaseous Phase-Based SWNT TFTs

As-grown nanotube networks usually contain both metallic and semiconducting

nanotubes [105, 106], which leads to a trade-off between charge carrier mobility

(which increases with greater metallic tube content) and on/off ratio (which

decreases with greater metallic tube content). Many research efforts have been

devoted to the successful realization of high-performance FETs comprised of

semiconducting-enriched SWNT random networks based on CVD synthesis

[48, 53, 90, 107]. Medium-scale SWNT thin-film integrated circuits on flexible

substrates have been demonstrated by Rogers’ group [48]. For this method, growth

substrates decorated with metal catalysts (Fe particles or ferritin) were placed in a

furnace at elevated temperatures ([800 �C). Then, a precursor containing carbon

feedstock, such as methane, ethylene, isopropyl alcohol, etc., was introduced into

the growth chamber for the dissociation of hydrocarbon molecule from the

feedstock. The hydrocarbon molecules then facilitated the growth of the CNTs on

the catalysts [48, 90]. Although the flexible SWNT TFTs and circuits shows

promising electrical performance, the existence of metallic nanotubes degrades the

on/off ratio of the devices.

Ohno’s group introduced a floating catalyst CVD technique with monoxide (CO)

as the carbon source, and achieved high-performance flexible nanotube TFTs and

D-flip-flop circuits [54]. In Fig. 10a, the nanotubes grown by plasma-enhanced

CVD were collected through a simple gas phase filtration process [53, 54, 108]. The

density of the nanotubes can be easily controlled by the collection time. The

SWNTs were subsequently transferred onto the device substrate by dissolving the

filter in acetone. The transferred CNT film has a network morphology consisting of

rather straight and long nanotubes, *10 lm in length, as shown in the SEM images

in Fig. 10b. The advantage of utilizing as-grown SWNTs directly for fabrication of
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devices is that there are more Y-type junctions between the nanotubes than the

X-junctions, which can result in a higher mobility of the transistors [54]. Figure 10c

shows the transfer and output characteristics of a bottom-gate TFT device. The

device showed p-type characteristics with a high on/off ratio (6 9 106) and an
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effective device mobility of 35 cm2 V-1 s-1. The transfer process of the CVD

grown SWNTs is carried out at room temperature, which is desirable for the

fabrication of flexible electronics.

4.1.2 Solution-Based SWNT TFTs

In addition to CVD-based SWNT random network electronics, there are many

approaches in the area of solution-based SWNT electronics [55–57, 68, 70, 71, 109].

About one third of the as-grown SWNTs are metallic nanotubes [110], which can

cause significant leakage of current when the transistors are in the off state and

result in a low on/off ratio [111–114]. Thus, the metallic nanotubes should be

selectively removed, and high-purity semiconducting nanotubes are desired for

high-performance transistors. Separation between metallic and semiconducting

tubes, and even separation of single chirality nanotubes have been achieved by a

variety of methods, such as density gradient ultracentrifugation (DGU) [110, 113],

gel chromatography [115], and DNA-based chromatographic purification [116].

SWNT networks can be obtained by spin coating/dropping the nanotube solution

onto a spinning substrate [64]. The drawback with this method is scalability because

the deposited SWNTs often align along different orientations depending on the

location on the substrate, which leads to wafer-scale fabrication with low

uniformity. Drop coating is found to be a more promising solution-based SWNT

assembly method for large-scale applications of nanotube TFTs. In this method, the

substrates are first functionalized with amine-containing molecules, which are

effective adhesives for SWNTs. By simply immersing the substrate into the

nanotube solution, highly uniform nanotube networks can be obtained throughout

the wafer, enabling the fabrication of nanotube TFTs with high yield and small

device-to-device variation [56, 68, 70, 71].

Many research groups have systematically studied electrical performance of

SWNT TFTs based on the high-purity semiconducting SWNT solution

[7, 56, 63, 68, 79, 109]. The device characteristics of SWNT TFTs are heavily

dependent on the nanotube density [69, 70] and channel length [71, 117]. SWNT

TFTs with mobility greater than 100 cm2 V-1 s-1 have been reported [117–119],

which exceed the mobility of amorphous and organic FETs by at least two orders of

magnitude. The fact that such high-mobility SWNT TFTs can be fabricated using a

facile solution-based process and processed at room temperature makes the

nanotube TFTs ideal for a wide range of applications.

bFig. 10 a Schematic diagram showing CNT growth, collection by filter, transfer, and patterning. b SEM
images of a CNT network on a Si/SiO2 substrate after transfer. c Transfer and output characteristics of
fabricated bottom-gate TFT based on the nanotube network shown in (b). a–c Adapted with permission
from Ref. [54]. Copyright (2011) Nature Publishing Group. d Schematic diagram showing the
configuration of a CNT TFT in which the CNT network is deposited using separated semiconducting
nanotube solution. e SEM images of an SWNT random network captured at different regions of a wafer
after SWNT deposition. f Output characteristics of an SWNT TFT. g Statistical study of on-state current
density and threshold voltage of as-fabricated SWNT TFTs. d–g Adapted with permission from Ref. [56].
Copyright (2009) American Chemical Society
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We are among the first few research groups to demonstrate SWNT TFTs

comprised of an enriched semiconducting SWNT random network. Figure 10d

illustrates a common back-gated TFT based on a random network of separated

SWNT solution [56]. The SWNT solution was uniformly deposited onto the device

substrate by first functionalizing with aminopropyltriethoxy to terminate the surface

of the substrate with a layer of amino groups, which enhances the attraction between

the SWNTs and the surface [65]. As can be observed in Fig. 10e, the SWNT thin

film can be deposited invariantly over the entire surface of a 3-inch Si/SiO2 wafer,

as shown by the SEM images captured at different regions of the wafer after SWNT

deposition. This proves that the deposition process is scalable, and can be used in

industrial-scale fabrication. The geometry of the channel of the transistors can be

defined by standard photolithography, followed by O2 plasma etching of the SWNT

film in the region outside the channel. This technique eliminates the issue of

assembly of the nanotubes. The transistors fabricated with the 98% enriched SWNT

solution exhibited ideal p-type behavior with mobility as high as 52 cm2 V-1 s-1,

while maintaining a current on/off ratio of 104. Although the mobility of the devices

is not as high as that exhibited by silicon transistors, it is still an invaluable thin film

material for applications such as drivers for display, or flexible electronics [120].

The output characteristic of the SWNT TFTs is exhibited in Fig. 10f. As can be

observed in the plot, the output curves can be fully saturated. The uniformity of the

devices is illustrated in Fig. 10g. The normalized on current (Ion/W) and threshold

voltage (Vth) of 10 SWNT TFTs were delineated in the figure. The results provided

evidence for the applicability to implement the separated CNT thin films in large-

scale fabrication processes.

4.2 Printed SWNT TFTs

SWNTs, which are intrinsically printable at room temperature, show its great

advantage over amorphous silicon and polysilicon for printed electronics [49, 83]

Compared with other printable organic materials, SWNTs have much higher

mobility and are chemically stable in ambient [58, 86, 121]. Thanks to the great

progress made in SWNT separation [122, 123], semiconducting SWNT-enriched

solution has been realized, which leads to feasibility of printing high-performance

SWNT TFTs for macro and display electronic applications [49, 84–89].

To realize fully printed high-performance SWNT TFTs, selection of materials for

electrodes and gate dielectrics is critical. In terms of electrodes, silver and gold

based nanoparticle inks are mostly selected for their system because of their high

conductivity and the formation of Ohmic contact between electrodes and SWNTs

[84, 124, 125]. Although nanomaterials such as metallic SWNTs have been used as

electrodes [126], the performance was rather moderate and therefore hard to be

applied for macro and display electronics. For printing gate dielectrics, mixtures

composed of high-j metal oxide nanoparticles and organic binders are commonly

used to achieve relatively high capacitance [86, 125], which can reduce the

operation voltage of printed TFTs. Another group of dielectric materials is

electrolyte, which have been reported by Frisbie and Hersam’s groups [50, 88]. The

most important advantage of employing electrolyte as the gate dielectric is the high
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capacitance regardless of its rather large physical thickness. As a result, the

performance of such printed electrolyte-gated SWNT TFT is superior in terms of

on-state current density, on–off ratio and low operation voltage [127].

Multiple printing technologies reported for fabricating SWNT TFTs can be

mainly divided into two groups [86]. The first one is of high registration accuracy

represented by aerosol-jet printing and inkjet printing. The second one is of high

scalability and throughput represented by gravure printing and flexographic

printing. On one hand, for printing SWNTs as channel materials, ink-jet and

aerosol-jet printing are main-stream technologies using relatively low viscosity inks

to pattern an ultrathin and uniform film. On the other hand, ink-jet printing, aerosol-

jet printing, screen printing, gravure printing and flexographic printing have all been

employed for patterning gate dielectric and electrodes to achieve fully printed

SWNT TFTs. Up until now, the fully-printed high-performance SWNT TFT has

been used for macro, display, and sensor electronics. Our group made great efforts

to developing fully printed SWNT TFTs for OLED driving using ink-jet printing

(Fig. 11a) and screen printing (Fig. 11b) [49, 86]. Javey and Cho’s groups

pioneered in gravure printed SWNT electronics (Fig. 11c), realizing D flip-flop

[52], full adder [51], and fully printed backplane for electronic skin [76]. Hersam’s

group reported high-performance printed ring oscillators using aerosol-jet printing

[85, 128, 129]. Ohno’s group made great efforts on developing fully flexographic

printed SWNT TFTs with CVD grown nanotubes (Fig. 11d) [130]. Overall, such

Fig. 11 a Schematic diagram showing the process of fully ink-jet printed SWNT TFTs 1 printing first
silver electrodes. 2 Printing SWNT network. 3 Printing second layer of silver electrodes. 4 Printing ionic
gel as dielectric material. Adapted with permission from Ref. [49]. Copyright (2011) American Chemical
Society. b Schematic diagram of screen printer and an optical image of screen printed SWNT TFT array
on a PET substrate. Adapted with permission from Ref. [86]. Copyright (2014) American Chemical
Society. c Schematic diagram outlining gravure printing process of SWNT TFTs and images of printed
TFT and nanotube network on a PET substrate. Adapted with permission from Ref. [125]. Copyright
(2013) American Chemical Society. d Schematic diagram of flexographic printing and an optical image
of flexographic printed CNT TFT electronics on a PET substrate. Adapted with permission from Ref.
[130]. Copyright (2011) Japan Society of Applied Physics
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cost-effective and solution-based printing technologies have been attracting more

and more research interest and are promising for practical applications.

4.3 Applications Based on SWNT TFTs

SWNT TFTs show great potential in a wide range of applications, ranging from

digital circuits, active-matrix backplanes for display electronics and sensors, to

flexible electronics. Over the past years, tremendous efforts have been devoted into

SWNT TFT research, trying to make it a real technology. Here, we will review the

potential applications of SWNT TFTs, including (1) digital circuits, (2) active-

matrix backplanes for display electronics and sensors, and (3) flexible electronics.

4.3.1 Digital Circuits

The extremely high intrinsic carrier mobility and current-carrying capacity make

SWNTs a promising channel material for next-generation digital circuits. Many

groups have made significant progress by successfully fabricating integrated circuits

based on p-type SWNT TFT platforms [48, 53, 54, 68, 71, 131]. In 2008, Cao et al.

successfully demonstrated the first medium-scale SWNT-based integrated digital

circuits, a four-bit row decoder composing of 88 SWNT TFTs, on polyimide

substrates [48]. Random SWNT networks were initially synthesized by CVD, and

then transferred to polyimide substrate as the channel materials. Figure 12a shows

the optical image of a flexible SWNT integrated circuit chip bonded to a curved

surface and high-magnification photographic image of the fabricated four-bit row

decoder consisting of 88 SWNT transistors. Moreover, Sun et al. successfully

realized the fabrication of SWNT-based TFTs and logic circuits on flexible

substrates, such as 21-stage ring oscillator and master–slave delay flip-flops, using a

floating-catalyst CVD SWNT deposition method followed by gas phase filtration

and a transfer process [54]. Based on the platform of gas phase-synthesized

nanotube networks, they further demonstrated the first all-carbon XOR gates and

1-bit static random access memory (SRAM) [53]. Later on, instead of using CVD-

synthesized SWNTs, Wang et al. used separated high-purity semiconducting-

enriched SWNTs as the channel material for high-performance SWNT TFTs and

demonstrated separated nanotube-based integrated logic gates, including an

inverter, NAND, and NOR gates, serving as a good platform to bypass the issue

of the coexistence of both metallic and semiconducting nanotubes in the as-

synthesized SWNTs [68]. After that, solution-processed semiconducting SWNT

thin films have drawn much more attention from researchers, because solution-

processed separated SWNTs offer high electrical performance, good mechanical

flexibility, relatively low cost, and ambient compatibility simultaneously. Wang

et al. successfully demonstrated high-performance logic gates, including inverters,

NAND, NOR gates, with superior bending stabilities [71]. A recent breakthrough

was made by Chen et al. by realizing a 4-bit adder which consists of 140 p-type

SWNT TFTs and a 2-bit multiplier for the first time [77]. Thanks to the high

uniformity and desirable threshold voltage of the CNT TFTs, the integrated circuits

based on these TFTs can be operated by a small voltage down to 2 V.
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Large hysteresis, a commonly observed phenomenon in the transfer character-

istics of SWNT TFTs, is highly undesired in the operation of transistors and

integrated logic gates, because hysteresis often results in the shift of threshold

voltage as the voltage sweeping direction and range changes. Multiple factors can

cause hysteresis in a SWNT-based TFT, including interface-trapped charges and

trapped charges induced by the absorption of water molecules inside the channel

[78]. Therefore, hysteresis-free nanotube-based TFTs are highly desired for the

stable operations of SWNT-based TFTs and digital circuits. Ha et al. developed a

promising approach of using fluorocarbon polymer as the encapsulation layer for

hysteresis-free SWNT devices, which showed great device stability in both air and

water [78]. Thanks to the high hydrophobicity of this Teflon-like polymer, the water

molecules absorbed in the nanotubes can be effectively removed, which yields

hysteresis-free SWNT TFTs. Recently, Chen et al. discovered an alternative

approach for hysteresis-free SWNT devices by using Y2O3 thin film as the gate

dielectric layer, which was oxidized from e-beam-evaporated yttrium film [77].

Their results showed that Y2O3 can offer very high gate efficiency and high

Fig. 12 a Optical image of a flexible SWNT integrated circuit chip bonded to a curved surface and high-
magnification photographic image of the decoder consisting of 88 CNT transistors. Adapted with
permission from Ref. [48]. Copyright (2008) Nature Publishing Group. b Optical micrograph, read
margin measurement, folded read margin measurements, and hold operation of a fabricated SWNT
CMOS SRAM cell. Adapted with permission from Ref. [81]. Copyright (2015) Nature Publishing Group.
c Hybrid integration of IGZO TFT and SWNT TFT for a CMOS inverter. Adapted with permission from
Ref. [82]. Copyright (2014) Nature Publishing Group
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uniformity for SWNT-based TFTs, which paves the way for large-scale integration

of SWNT-based TFTs.

CMOS integrated circuits have many advantages, especially their low static

power consumption. Over the past two decades, many groups including our group

have devoted a lot of efforts into trying to convert p-type SWNT TFTs into air-

stable n-type TFTs aiming for integrated CMOS logic gates. Here, we will review

some recent progress in CMOS integrated circuits consisting of n-type and p-type

SWNT TFTs as the NMOS and PMOS, respectively. Ryu et al. reported a fully

integrated CMOS inverter and NAND and NOR gates by using chemical doping to

convert p-type aligned nanotube transistors to n-types [33]. Later on, Zhang et al.

developed a new approach of using a thin layer of high-j oxide passivation layer,

deposited by atomic layer deposition, to convert separated SWNT TFTs from p-type

to air-stable n-type [79]. Interestingly, the converted n-type transistors and the

p-type transistors show symmetric electrical performance, regarding device

mobility, on-state current, and on/off ratio. They further demonstrated a CMOS

inverter with rail-to-rail output, large noise margin, and symmetric input/output

behavior. Recently, Ha et al. reported a novel strategy of achieving air-

stable n-doping SWNTs with SiNx thin films deposited by plasma-enhanced

chemical vapor deposition [80]. The n-type nanotube transistors are highly air-

stable and show very good uniformity over large areas, which is an important factor

for integrated circuit applications. In 2015, a great breakthrough was achieved by

Geier et al. whom demonstrated the first solution-processed SWNT thin film-

complementary SRAM [81] (Fig. 12b). The uniform and stable electronic perfor-

mance of the complementary p-type and n-type SWNT TFTs is attributed to the

well-controlled adsorbed atmospheric dopants and robust encapsulation layers.

Recently, Yang et al. reported CMOS ICs by using Sc or Pd as the source/drain

contacts to selectively inject carriers into the CNT network channels for NMOS and

PMOS, respectively [132]. They demonstrated a 4-bit full adders consisting of 132

CMOS TFTs with 100% yield, showing the potential of medium-scale CNT

network film-based ICs.

Considering metal oxide semiconductors have gradually emerged as a mature

technology platform for n-type TFTs, Chen et al. demonstrated the first large-scale

hybrid integration of p-type CNT and n-type indium–gallium–zinc–oxide thin-film

transistors to realize 501-stage ring oscillators, consisting of more than 1000

transistors, on both rigid and flexible substrates (Fig. 12c) [82]. In this hybrid

integration approach, the strength of the p-type nanotube and n-type indium–

gallium–zinc-oxide are successfully combined together to achieve high uniformity

and high yield.

4.3.2 Active-Matrix Backplanes for Display Electronics and Sensors

Separated semiconducting-enriched SWNT thin films possess great potential for

TFTs and active-matrix backplanes for display electronics and sensors, due to their

high semiconducting purity, high mobility, and room-temperature processing

compatibility. As early as 2009, Wang et al. made the first conceptual demonstration

of an organic light-emitting diode (OLED) control circuit with a nanotube TFT,
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with the output light intensity exceeding 104, which paves the way for using

nanotube TFTs for display electronics [56]. Active-matrix organic light-emitting

diode (AMOLED) display exhibits great potential as a competitive candidate for

next-generation display technologies due to its high light efficiency, light weight,

high flexibility, and low-temperature processing compatibility. Later, Zhang et al.

further successfully demonstrated monolithically integrated AMOLED display

elements, consisting of 500 pixels driven by 1000 nanotube TFTs [57]. The optical

image of an AMOLED substrate containing 7 AMOLED elements, each with

20 9 25 pixels, is shown in Fig. 13a. Figure 13b is a photograph showing the pixels

on an integrated AMOLED. The electrical characteristics of the OLED controlled

by a single pixel circuit is shown in Fig. 13c. Figure 13d shows the plot of the

current through the OLED (IOLED; red line) and OLED light intensity (green line)

versus VDATA with VDD = 8 V. This approach may serve as a critical foundation for

using separated CNT thin-film transistors for display applications in the future.

Later on, inkjet-printed [49] and screen-printed [86] OLED control circuits were

demonstrated, showing a low-cost approach to realize OLED driving capability.

Recently, Zou et al. reported first CVD-grown SWNT network-based TFT driver

Fig. 13 AMOLED using SWNT TFTs. a Optical image of an AMOLED substrate containing 7
AMOLED elements, each with 20 9 25 pixels. b Photograph showing the pixels on an integrated
AMOLED. c Characteristics of the OLED controlled by a single pixel circuit. d Plot of the current
through the OLED (IOLED; red line) and OLED light intensity (green line) versus VDATA with
VDD = 8 V. Adapted with permission from Ref. [57]. Copyright (2011) American Chemical Society
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circuits for both static and dynamic 6 9 6 AMOLED displays, which further proved

the suitability and capability of SWNT-TFTs for future OLED applications [74].

Additional great progress in this field was made by Wang et al. by demonstrating

the first user-interactive electronic skin which can give simultaneously spatial-

pressure mapping and visual response through a built-in AMOLED controlled by an

SWNT-TFT-based active matrix (Fig. 14) [55]. In this system, the OLED arrays can

be turned on locally at the location where there is pressure applied, and the intensity

Fig. 14 User-interactive electronic skin based on SWNT TFTs. a, b Schematic diagrams showing the
configuration of a pixel, consisting of a nanotube TFT, an OLED, and a pressure sensor (PSR) integrated
vertically on a polyimide substrate. c Circuit schematic of the e-skin matrix. d Photograph of a fabricated
device (16 9 16 pixels). e Green, blue, and red color interactive e-skins are used to spatially map and
display the pressure applied with C- (left), A- (center), and L- (right) shaped PDMS slabs, respectively.
Adapted with permission from Ref. [55]. Copyright (2013) Nature Publishing Group
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of the emission light can be used to quantify the pressure applied to the surface. This

work represents a successful large-scale demonstration of three different electronic

components, including nanotube TFTs, pressure sensors, and OLED arrays, which

are monolithically integrated over large areas on plastic substrates. This electronic

skin has great potential to be used for a range of applications, such as medical

monitoring devices, interactive input/output devices, etc.

As early as 2011, Takahashi et al. reported fabrication of SWNT thin-film-based

12 9 8 active-matrix backplanes for pressure mapping with a pressure sensitive

rubber as the active sensor element [70]. After that, they further demonstrated a

flexible nanotube active-matrix backplane for visible light and X-ray imagers [75].

Recently, they realized large-area pressure mapping by the large-scale integration of

a printed SWNT active-matrix backplane with tactile sensor arrays, indicating a

scalable, low-cost approach towards electronic skin applications using CNT TFTs

[76].

4.3.3 Flexible Electronics

Recently, flexible electronics have been widely explored for new applications which

are impossible to be realized using the conventional rigid substrates. Due to the

intrinsic flexibility of SWNTs, nanotube TFTs have attracted many people’s

attention and emerged as a promising technology platform for flexible electronics.

To achieve good flexibility, a very thin layer of high-quality dielectric on plastic

substrate is highly desired. Here, we will review some recent progress achieved in

nanotube-TFT-based flexible electronics.

As early as 2006, Cao et al. reported mechanically flexible, optically transparent

‘‘all-tube’’ TFT on flexible substrates fabricated using layer-by-layer transfer

printing of CVD-grown SWNT networks as both electrodes and channel materials

[133]. Elastomeric dielectrics and flexible substrates were used to achieve high

flexibility. In 2012, Wang et al. demonstrated extremely bendable, high-perfor-

mance integrated inverters, NAND, and NOR logic gates, analog, and radio

frequency applications using semiconducting-enriched SWNTs [71]. Later, Lau

et al. further reported fully printed SWNT-based TFTs on flexible substrates, and

the devices showed no measurable change in electrical performance under a bending

radius as small as 1 mm [125]. Afterwards, all-carbon integrated circuits were

demonstrated by Sun et al. for the first time [53]. The devices were entirely

composed of carbon-based materials with active channels and passive elements

fabricated using stretchable and thermostable assemblies of SWNTs, plastic

polymer dielectric layers, and plastic substrates. Surprisingly, functional integrated

circuits have also been successfully made into a 3D dome. Another interesting

progress was reported by Chae et al. demonstrating a highly stretchable and

transparent FET which combined graphene/SWNT hybrid electrodes and an SWNT

network channel with a wrinkled Al2O3 dielectric layer [134]. The authors claimed

that the wrinkled Al2O3 layer contained effective built-in air gaps, offering a gate

leakage current as small as 10-13 A. Thanks to the wrinkled dielectric layer, the

devices retained their good performance under strains as large as 20% without

noticeable leakage current increases or performance degradations. Furthermore, the
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devices showed no significant degradation after over 1000 cycles of stretch-release

process. Recently, Cao et al. successfully demonstrated ultraflexible and imper-

ceptible p-type nanotube transistors and integrated circuits with a bending radius

down to 40 lm [131]. The as-fabricated ultralight-weight (\3 g/m2) nanotube

transistors showed high mechanical robustness which can accommodate severe

crumping and compressive strain of 67%. Moreover, the nanotube circuits remained

properly functional under 33% compressive strain, showing great potential as

indispensable components for ultraflexible complementary electronics.

5 Summary and Outlook

In summary, SWNTs are highly promising for future RF electronics, digital

electronics, and macroelectronics applications due to their excellent electrical,

mechanical, and thermal properties. In regard to RF electronics, RF performance of

SWNT transistors ready for some practical applications have been achieved, and RF

circuits and systems based on SWNTs have been demonstrated [11, 23]. For SWNT-

based nanoelectronics, ballistic SWNT transistors provide a good platform for

further pushing forward Moore’s law [2]. For macroelectronics, SWNT random

network TFTs have been demonstrated in various applications, including digital

circuits, active-matrix backplanes for display electronics and sensors, as well as

flexible electronics. In spite of the significant progress achieved, several further

developments are needed before SWNTs can be adopted by industry. First, it is of

key importance to achieve aligned SWNT arrays with both high density (150–200

tubes/lm) and ultrahigh-purity semiconducting ([99.9999%) for SWNT RF and

digital electronics. With the advancement in the nanotube alignment technologies,

multiple transfer of high-density and ultrahigh-purity semiconducting aligned

SWNT arrays provides a promising way to reach the goal. Second, for all

applications, hysteresis can be an issue compromising SWNT performance. Further

optimization of dielectric materials for SWNT transistors to achieve hysteresis-free

operations while maintaining excellent transistor performance is also necessary. In

addition, passivation, integration, and stability of SWNT transistors require

systematic investigations to cooperate with other functional parts. Moreover,

developing reliable and small-area metal contacts for both p-type and n-type SWNT

FETs in a sub-10-nm channel length also requires great research efforts to achieve

energy-efficient digital electronics. With the advancement in the above develop-

ments, SWNT electronics will finally become an indispensable part of future

electronics.
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Abstract Carbon nanotubes (CNTs) are promising materials for both high perfor-

mance transistors for high speed computing and thin film transistors for macro-

electronics, which can provide more functions at low cost. Among macroelectronics

applications, carbon nanotube thin film transistors (CNT-TFT) are expected to be

used soon for backplanes in flat panel displays (FPDs) due to their superior per-

formance. In this paper, we review the challenges of CNT-TFT technology for FPD

applications. The device performance of state-of-the-art CNT-TFTs are compared

with the requirements of TFTs for FPDs. Compatibility of the fabrication processes

of CNT-TFTs and current TFT technologies are critically examined. Though CNT-

TFT technology is not yet ready for backplane production line of FPDs, the chal-

lenges can be overcome by close collaboration between research institutes and FPD

manufacturers in the short term.
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1 Introduction

Since its discovery nearly two-and-a-half decades ago, the carbon nanotube (CNT)

remains of great interest as an emerging material in nano-science and technology

[1, 2]. Because of its unique structure and superb electronic properties [3], single-

walled CNTs (SWCNTs) are envisioned as the most promising candidate for

information processing technologies beyond CMOS [4]. To compete with Si-based

high performance transistors for computational devices, ideal carbon nanotube field-

effect transistors (CNT-FETs) should be fabricated on well-aligned high-density

semiconducting CNTs with controllable location, inter-tube spacing, and chirality

on a 300-mm wafer scale [5, 6]. However, it is still a great challenge for such high

standard SWCNT material production. In addition to the material challenge, the

device fabrication technology is also far from ready for manufacturing, though some

complicated CNT-FET circuits have been demonstrated [7–10]. The fabrication

processes should be compatible or can be integrated with the highly developed Si-

based chip fabrication technology, and the performance of the devices must be

uniform around the wafer scale. Therefore, it is hard to predict whether the CNT-

based high performance transistor technology will be ready at the time node around

2020, when the Si-based CMOS will reach its absolute performance limits [11].

In parallel to the high performance transistors for computational devices, such as

microprocessor, thin film transistors (TFTs) are widely used for macroelectronics.

The performance of the transistors required for the macroelelctronics are not as high

as those for the computational devices, while the costs and functions are critical

concerns for the macroelectronics [11]. The channel materials for the thin film

transistor are, therefore, not necessarily single crystal semiconductor material.

Amorphous and polycrystalline semiconductors can be employed as the channel

material, such as amorphous Si (a-Si), poly-Si, metal oxide, and organic

semiconductors [12]. Nevertheless, performance uniformity is still strictly required

for TFTs on large area substrates up to meters scale and even larger. The channel

size of TFTs are usually several to hundreds of micrometers. Thus, the non-

uniformity due to the channel material may be smoothed out in the large channel

area and uniform performance on large area substrates is obtainable.

In recent years carbon nanotube thin film transistors (CNT-TFTs) have drawn

more and more attentions. In CNT-TFTs, the channel layer is random network or

partially aligned CNT films composed of numerous SWCNTs. Many methods have

been reported for producing SWCNT thin film at low cost on large area substrates.

In some aspects the reported performances of the CNT-TFTs are superior to those

fabricated by the current TFT manufacturing technologies [13–25]. These make

CNT-TFTs strong competitors in the field of macroelectronics [17–19] for products

such as displays, flexible electronics, bio-chemical sensors, and solar cells.

Flat panel display (FPD), an industry with a total value of hundreds of billions of

U.S. dollars [26], is undoubtedly one of the most important macroelectronic

products. A backplane with TFT array is a necessary component of each FPD,

which is used for pixel addressing. Actually, the development of FPDs burgeoned

only when a-Si TFTs became available [12]. As FPDs develop to larger size, ultra-
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high resolution, low power, high frame rate, and flexibility, the current TFT

technologies are difficult to meet all these demands. Therefore, new materials and

technologies for TFTs are demanded to keep the FPD industry growing.

As an emerging TFT technology, CNT-TFTs have shown high mobility, high on/

off ratio, and high on-current [27, 28], the performance of which can surpass the

current TFT technologies potentially. Moreover, the fabrication process is regarded

as facile, reliable, scalable to large area, and compatible with the current TFT

manufacturing process [29]. Therefore, CNT-TFT technology is very promising for

the future FPD industry. Research on using CNT-TFTs for pixel-driving circuits for

displays has been performed in many groups [24, 30, 31]. Active matrix organic

light-emitting diode (AMOLED) displays driven by CNT-TFTs have been

demonstrated in the laboratory [13, 32], though with limited yields.

Much of the effort on the application of CNT-TFTs for backplane FPD

electronics has been in research laboratories previously, and now it is at a critical

status of being transferred from lab to industry. Two-and-a-half decades have passed

since the discovery of CNT; however, almost no electronic products of CNT-FETs

have been commercialized. Since research on CNT-TFTs is progressing rapidly in

recent years, we have good reasons to believe that FPD products integrated with

CNT-TFT technology are possible in the near future.

In this paper, we review the progress on CNT-TFTs from the point of FPD

manufacturing. This review is organized as follows. In Sect. 2, we briefly introduce

the structure of the FPD. Herein, we show how to address pixels using a TFT array.

In Sect. 3, we discuss the trends of the FPD products and their requirements for TFT

technologies, and elucidate why CNT-TFTs are promising for future FPDs. In

Sect. 4, we discuss the challenges of the CNT-TFT technology for display

applications. The challenges are discussed from the aspects of materials, fabrication

process, device performance, stability, and uniformity. Finally, in Sect. 5, we

conclude the review and future prospect of CNT-TFT technology.

2 Flat Panel Displays and TFTs

A flat panel display comprises many pixels arranged in arrays, which compose an

image. There is an element in each pixel that has an electro-optical effect, and this

effect can be switched on and off for displaying an image. It is not an easy task to

deliver picture data to each pixel of a FPD with millions of pixels. To deliver image

data to the electro-optical element in each pixel correctly, an addressing circuit is

needed for a FPD so that each pixel can be addressed individually. All of today’s

high quality displays use active matrix addressing, where there is at least one TFT in

each pixel. The TFTs in each pixel are used as switching devices to set image data

of the pixel in a short addressing time and to store it until the next refresh signal is

obtained.

For a principle demo, as illustrated in Fig. 1, the TFT matrix is connected in rows

and columns, with a common connection to the gate electrodes in each row, and a

common connection to the drain terminals in each column (n-type FET). The source

of each TFT is connected to the element for electro-optical effect. The image signal
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is fed into the pixel array in a serial row-by-row mode, by sequentially switching on

each row of TFTs (Vscan = Von), whilst holding the others in the off-state

(Vscan = Voff). During the time interval of a row was switching on (ton), the signal

voltages (Vdata) on the column electrodes of the display are applied in parallel to the

common drains of TFTs. However, the signal will be sent to only the one row of the

electro-optical effect elements connected to the row of TFTs, which has been turned

on. At the end of ton, that row is deselected (by switching the gate bias to Voff), and

the adjacent row is switched on, and the process described above is repeated. In this

way, the image information is loaded row by row during a frame time (tf), and

signals need to be maintained. Then the whole process is repeated with the next

frame of image information.

The representatives of the electro-optical elements are realized using liquid

crystal (LC) molecules or organic light emission diodes (OLED). In the liquid

crystal display (LCD), the LC molecules work as the dielectrics of the capacitor in

each pixel (Fig. 1c). When the capacitor is charged by Vdata, the LC molecule will

turn in the electric field, and the transmission of the ambient illumination is

modulated in this way (shown in Fig. 1b). In the active matrix OLED (AMOLED)

display, an OLED in the pixel gives emission of light when switched on. In addition

to the addressing TFT, another driving TFT and a capacitor are needed, composing

the 2T1C driving circuits for AMOLED (Fig. 1d). When the addressing TFT

(switch transistor) is switched on by Vscan, Vdata is sent to the pixel. Then the driving

TFT is turned on and current flow through the OLED, which emits light. During the

Fig. 1 a Active matrix layout. b Illustration of typical transmission versus voltage curve of LC.
c Diagram of the electro-optical element based on LC and d OLED. e Row timing signal wave form
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time period of ton, the capacitor is also charged, which can supply a voltage to keep

the driving TFT on during tf when the addressing TFT is off.

From the above discussion, we know the TFTs are crucial for a FPD. Actually,

the growth of this industry has been facilitated by the manufacturability of high

quality TFTs for display addressing, and, equally, the development of the industry

has stimulated worldwide interest and research into TFTs.

Currently, there are three types of commercialized TFT technologies, amorphous

Si (a-Si), metal oxide (MO or MOx), and low temperature poly-silicon (LTPS). We

will compare them with CNT-TFTs in the next section.

3 Why Is CNT-TFT Technology Promising for FPDs?

As mentioned before, the development of FPDs burgeoned only when a-Si TFTs

became available. Nowadays, a-Si is still the dominant TFT technology for the

display industry. However, the mobility of the a-Si TFTs is usually\1 cm2/Vs [12].

It has been reported that the a-Si TFTs cannot drive larger LCDs (e.g. 55 inches)

operating at a high frame rate above 120 Hz [33, 34] due to its low mobility (shown

in Fig. 2). The required mobility is even higher for displays with lager panel size,

higher frame rate, and higher resolution.

Two materials with higher mobility, LTPS and MO, are beginning to replace a-Si

in TFTs for display. Table 1 compares these three TFT technologies, and CNT-TFT

as well. Though LTPS and MO are superior to a-Si in some aspects, they have their

own disadvantages. Each of the three materials is well suited to the requirements of

specific commercial FPD products.

Typical mobility of LTPS TFTs is in the range of 30–100 cm2/Vs [34], which is

almost 100 times better than a-Si. LTPS is applicable for CMOS architecture that

Fig. 2 Required carrier mobility for future displays [34] (Copyright 2010 Taylor & Francis)
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uses complementary pairs of p-type and n-type transistors for circuitry design [35].

However, the fabrication processes are very complicated, e.g. usually 5–11 photo

masks are used [36], and the process temperature is high (400–500 �C).
Consequently, the manufacturing cost of LTPS TFTs is very high. Furthermore,

the uniformity of LTPS TFTs is relatively poor [34], which hinders its scales up to

large size panels. Currently, LTPS are mainly used in high-end small-size FPD

products, e.g. smart phones with high pixel density.

Among the reported MO TFTs, the most researched is amorphous In–Ga–Zn–O

(a-IGZO) [34, 36], which has typical mobility in the range of 5–15 cm2/Vs. The

a-IGZO TFTs have extremely low off-current and high on/off ratio. These

advantages enable FPDs with faster frame rate and lower power consumption than

Table 1 Comparison of the TFT technologies

a-Si LTPS a-IGZO CNT-TFT

Generation [10G 4G/8G? 8G

TFT masks for

LCD/OLED

(3)4–5/6–7 5–9/7–11 4–5/6–7 Compatible with

a-Si

Mobility (cm2/

Vs)

0.1 * 1 50 typical, * 250

possible

5–15

currently, * 50

possible

[250 reported

TFT uniformity Good Poor/better Good

TFT polarity n-channel CMOS n-channel p/n, CMOS

Pixel circuit for

OLED

Complex (ex. 6T2C) Simple (3T ? 1C) 2T ? 1C

demonstrated

Cost/yield Low/high High/medium Low/medium Can be low

Reliability Medium Good Medium

Max. process

temperature

(oC)

330 Depo. 200, anneal 450 depo. 350 \300

Circuit

integration

No Yes No Yes

Display mode LCD LCD, OLED LCD, OLED LCD, OLED

Solution

process,

printing

No Laser annealed 270–400 �C Yes

Production

status

Mass

production

Mass production Mass production R & D

Semiconductor

deposition

PECVD PECVD ? crystallization PVD Solution process,

room temp.

Ion Low High Medium High

Ioff Medium High Low High/low, depends

on tube diameter

On/off Low High/medium High Low * medium

SS High Medium Low Low * medium

Substrate Glass, metal

(plastic)

Glass, metal (plastic) Glass, metal,

plastic

Glass, metal, plastic
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a-Si. Also, the fabrication cost of IGZO TFTs is lower than LTPS. Though the

mobility of a-IGZO is higher than a-Si, it is lower than that for LTPS [37], which

limits its application in ultra-high resolution FPDs. More importantly, the narrow

process window and poor long term stability are still challenges for the MO TFTs

[36].

The current trends of FPDs products are large panel size, ultra-high resolution,

low power, high frame rate, flexibility, and transparency. New materials and

technologies for high performance TFTs are in high demand to keep the FPD

industry growing. There are continuous efforts in searching for new types of TFTs

to improve performance or to lower the production cost of TFTs. CNT-TFTs are

promising candidates, which may comply with the requirements of the above trends.

Single-wall CNT (SWCNT) can be regarded as a seamless cylinder rolled by

graphene. Though it is only one atomic thick, there are no dangling bonds in the

surface. Owing to its perfect structure and quasi-one-dimensional quantum

confinement effects, the carrier scattering in SWCNT was greatly reduced. The

mean free path of carriers in SWCNT is up to micrometer, thus ballistic transport is

easily obtained. The mobility of SWCNT can be high up to 100,000 cm2/Vs [11].

High performance CNT-TFTs with mobility ranging from tens to hundreds of cm2/

Vs have been reported by many research groups [15, 16, 38–41]. These results make

CNT-TFTs very attractive for pixel driving circuits of display. The atomic thin body

results in excellent gate control of the channel even in extremely scaled CNT-FETs.

The strong carbon–carbon bond and the high thermal conductance allow it to carry

high current up to 109A/cm2. SWCNT is one of the most strong and flexible known

materials. CNT thin film is transparent, making it suitable for transparent and

flexible electronics. Moreover, CNT thin film can be fabricated at room temperature

in air and is compatible with printing technology, which we will discuss later. These

relieve the requirements for high vacuum instruments and high temperature tolerant

glass substrates, and hence the production cost of CNT-TFT backplane may be

lowered greatly. The low temperature process also enables CNT-TFTs for the

flexible display. These advantages make CNT-TFT technology a strong competitor

for TFT backplanes in FPDs.

The potential application of CNT-TFTs for backplanes in FPD has been

demonstrated in laboratory-scale experiments, as shown in Fig. 3. Chongwu Zhou’s

group fabricated AMOLED display elements with 500 pixels driven by 1000 CNT-

TFTs. Three hundred and forty-eight out of the 500 pixels are turned on,

corresponding to a yield of 70% [13]. They also fabricated CNT-TFTs by fully

printed process with resulting mobility of 9–30 cm2/Vs [24]. An OLED was

successfully driven by circuits composed of two such fully printed CNT-TFTs [24].

These works show potential for low cost fabrication of CNT-TFT backplanes. Fully

transparent [31] and printed flexible pixel [30] circuits driven by CNT-TFT are also

demonstrated. CNT-TFT driver circuits for both static and dynamic AMOLED

displays with 6 9 6 pixels [32] was reported by Qing Zhang’s group recently.

All these progresses demonstrated the possibility of CNT-TFT technology for

backplane in FPDs. However, there are still many challenges to overcome before it

reach to the manufacturing of FPD products. We discuss the main challenges in the

following section.
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4 Challenges of CNT-TFT Technology for Display

The components of a CNT-TFT includes a CNT thin film channel, electrodes

(source, drain, and gate), and an insulating layer for gate dielectrics. For display

application, the CNT-TFTs are fabricated in arrays on the backplane glass. The

performance of the CNT-TFTs must comply with those requirements for pixel

addressing and picture quality. The fabrication process must be facile, reliable, and

scalable to large area. Low cost and compatibility to current TFT fabrication

processes are also required. In the following, we discuss the challenges of the

materials for CNT-TFTs (including the CNT thin film, the electrodes, and gate

dielectrics), the device fabrication process, and the device performance.

Fig. 3 Demonstration of AMOLED display driven by CNT-TFTs. Optical microscope images of the
single pixel circuit (a) and b 7 AMOLED arrays, each with 20 9 25 pixels. c Photograph showing the
AMOLED array was turned on. Reprinted with permission from [13] (Copyright 2011 American
Chemical Society). d A schematic cross-sectional perspective view of the single AMOLED pixel.
e Photograph of the 6 9 6 pixel array. f–i Turn on image of the AMOLED array. Reprinted with
permission from [32] (Copyright 2015 Nature Publishing Group)
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4.1 SWCNT Materials and Thin Film Fabrication

The channel of CNT-TFTs is a two-dimensional film composed of numerous

SWCNTs. Undoubtedly, high quality CNT thin film is critical to the performance of

CNT-TFTs. The techniques for SWCNT thin films production can be divided into

three categories, direct growth on target substrates, growth and transfer to target

substrates, and solution process.

In the direct growth method, a catalyst was first coated on the target substrate.

Then the substrate was loaded into a reaction chamber, usually a furnace, and

SWCNTs were grown by chemical vapor deposition (CVD) process. Random

network [31] or aligned [42] SWCNT film are obtained and the CNT-TFTs are,

therefore, fabricated by conventional lithography processes. Though such SWCNTs

are very high quality, many metallic SWCNTs exist, which is undesirable for CNT-

TFTs. Moreover, the growth temperatures of the CVD processes are very high,

usually above 800–1000 �C [43]. These limit the substrate choice only to quartz

glass [44], which can tolerate such high temperature for the CNT direct growth

method for display application.

To avoid the high growth temperature, transfer techniques are introduced. The

CNT films are grown on high temperature tolerable substrates first, e.g. Si or quartz,

using the usual CVD processes, as discussed above. Then they are transferred to the

target substrates through a low temperature process. To transfer the CNT film, a

layer of gold film was deposited onto the growth substrate to cover the CNT thin

film in Chongwu Zhou’s group [14]. Then the gold/CNT film was peeled off from

the growth substrate by thermal release tape and released to the target substrate at

relatively low temperature (*130 �C). After etching of the gold layer, the CNT film

was ready for device fabrication on the target substrate. Similar transfer processes

were developed by Kang et al. [45] by using PDMS instead of thermal release tape.

Sun et al. [41] used a different type of transfer technique. The CNTs were grown

using a floating-catalyst CVD technique and the CNT film was collected by filtering

through membrane filters at room temperature. The CNT film was transferred to the

target substrate by placing the membrane filter on the substrate and dissolved the

filter in acetone. Since the target substrates do not experience the high growth

temperature, there are no limits for substrate choices, and hence flexible CNT-TFTs

can be fabricated.

However, the fatal weakness of the above two categories of SWCNT thin film

production techniques is that considerable SWCNTs (nearly one third) in the film

are metallic. These metallic CNTs degrade the on/off current ratio of the CNT-TFTs

greatly. To improve the on/off ratio, further engineering of the CNT film must be

done. For the random CNT network, the geometries of the TFT channel are

engineered according to the percolating transport theory [25, 46, 47]. The number of

the percolating metallic pathways from the source to drain can be reduced by either

stripping [20, 31, 32] (Fig. 4a) the CNT film or lowering the tube density and

enlarge the channel length (*100 lm) [41] at the same time (Fig. 4b). For the

aligned CNTs, an electrical breakdown strategy is used to remove the metallic

CNTs [42]. Stripping or electrical breakdown complicate the fabrication process of

CNT-TFTs and increases the manufacturing costs. Using lower density CNT films
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with longer channel lengths results in very low on-current density [41]. To obtain

high enough current for pixel driving, the channel width of the CNT-TFT has to be

enlarged meanwhile. Thus, the size of such CNT-TFT is pretty large, which limits

the application of this strategy for high pixel density displays. Moreover, CVD

growth on substrates is included in both of the two CNT film fabrication techniques,

which is a relatively low productivity process. Whether the CVD growth of CNT is

scalable to large area substrates, e.g. the size of backplane glasses, is not known.

Therefore, neither the direct growth on target substrates method and the growth and

transfer to target substrates method are suitable for mass production of CNT-TFT

backplanes.

SWCNTs can be generated in powder form by several methods, and the products

can be dissolved in solutions [29]. Then CNT thin films can be produced by solution

deposition. The high temperature CNT growth processes are separated by the thin

film fabrication processes in this route, which enables the thin film to be fabricated at

room temperature on arbitrary substrates. Although the as-produced CNTs are a

mixture of both semiconducting and metallic types, a variety of post-production

sorting techniques have been developed to enrich semiconducting SWCNTs in the

solution. Some of these techniques include DNA-assisted sorting [48, 49], conju-

gated polymer-assisted sorting [50, 51], porphyrin-assisted sorting [52], sorting using

copolymers [53], gel chromatography [54, 55], aqueous two-phase extraction [56],

and density gradient ultracentrifugation (DGU) [57]. A high purity of separated

semiconducting SWCNTs up to 99.9%, measured by electrical testing, has been

reported [58]. Although still not meeting the purity requirement of 99.9999% [5] for

high performance FETs, it does satisfy CNT-TFTs. A benefit of these research

progresses is that SWCNT solutions with semiconducting purity above 99% are now

commercially available [59, 60]. Currently the sorted SWCNT solution is pretty

expensive, e.g., several hundreds of U.S. dollars per milligram, which is an obstacle

for mass production of CNT-TFT backplanes. However, this is mostly due to the

relatively small quantity of market demand presently. If production of the sorted

SWCNT material is scaled up, the cost will be reduced greatly.

Fig. 4 Increasing the on/off ratio of the CNT-TFT. a Stripping high density SWCNT film. Reprinted
with permission from [20] (Copyright 2008 Nature Publishing Group). b Using low density SWCNT film.
Reprinted with permission from [41] (Copyright 2011 Nature Publishing Group)
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Once high purity semiconducting SWCNT solutions are obtained, industrially

well-established solution deposition methods such as ink-jet/aerosol printing

[24, 61, 62] can be used to deposit SCWNTs onto the large size backplane glasses

or flexible substrates with high throughput and low cost. More importantly,

fabrication of the SWCNT films is compatible with the existing TFT backplane

manufacturing process. Therefore, solution processed SWCNTs are the best choice

for CNT-TFT backplane electronics. Hereafter, we focus our discussions on the

solution processed SWCNTs.

Many methods have been reported for SWCNT thin film fabrication from

SWCNT solutions. Among these methods, the most used is direct solution

deposition [15, 21, 38]. In this method, a piece of substrate is immersed into the

SWCNT solution for certain time, and then the SWCNTs are deposited onto the

substrate, which forms a thin film. The film density can be controlled by the solution

concentration and soaking time. This method is very simple; however, the

throughput is low because the deposition usually takes hours to even several days to

obtain a film with the desired density [21, 38]. To improve the SWCNT deposition,

the surface of the substrate is commonly functionalized with a self-assembling

monolayer by using aminopropyltriethoxysilane (APTES) [15], poly-L-lysine (PLL)

[63–65], or HMDS [16, 39, 66]. Thus, pretty uniform SWCNT films are obtained in

relatively short time. However, the short range uniformity of the film is usually

worse than long range [13, 15, 67], which leads to higher performance fluctuation

when the TFTs are scaled down for high pixel density displays.

In addition to the direct deposition method, the well-established ink-jet or aerosol

printing methods amenable to solution processed SWCNTs [24, 30, 61], as

mentioned before. These thin film fabrication technologies are high throughput and

scalable to large area. Printing is also an ‘‘additive’’ lithographic technique, which

can avoid the wasting of material and the use of photolithography or other expensive

lithographic tools, potentially reducing the fabrication cost. An OLED driving

circuit composed of fully printed CNT-TFTs on Si wafers controlled the OLED

successfully and was demonstrated by Chen et al. [24]. Similar circuits for OLED

driving on flexible substrate was reported by Xu et al. [30]. These works

demonstrate the significant potential of printed CNT-TFTs for display backplane

applications.

The uniformity of the printed CNT films is usually worse than those of direct

solution deposited, especially at the rim of the printed patterns, due to the coffee

ring effect. Many more contaminants are easily observed in the as-fabricated

SWCNT films by printing methods than solution deposition. There are usually

excessive surfactants and or other species in the CNT solution, which are used for

CNT dispersion and sorting. In the printing process, all of these species are left on

the substrate, which contaminates the CNT thin film. Therefore, a thorough washing

step is needed to clean these contaminants [24, 30, 68, 69]. Meanwhile, in the

solution deposition processes, the deposition is assisted by the electrostatic

interaction between the functionalized substrate and the SWCNTs in solution

[70, 71] so that less contaminants were observed.

SWCNT thin films, generated by either solution deposition or printing, are

random networks, which include numerous inter-tube junctions. These junctions
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limit the charge transport through the film. The number of the junctions can be

reduced by aligning the tubes, thus improving the mobility of the film. Densely

aligned SWCNT films can be obtained in self-assembly processes by tuning the

interaction at the interface of the three phases, i.e. CNT solution, air, and the solid

substrate [66, 72–74]. Figure 5 depicts some self-assembled SWCNT stripes with

aligned tubes. However, the critical disadvantages of the self-assembly processes

are the low throughput and difficult to scale up to large area. Otherwise, the self-

assembly process is not easy to control, e.g. the positions (or the starting position of

the first stripe) and the spacing between these self-assembled stripes shown in Fig. 5

are not strictly controlled. Therefore, such films are not suitable for TFT array

fabrication.

External forces can also be employed to align SWCNTs. A notable alignment

method is ac-dielectrophoresis (DEP), where ac-voltage is applied between two

Fig. 5 Densely aligned SWCNT thin film obtained by self-assembly method. a–c Evaporation self-
assembly. Reprinted with permission from [72] (Copyright 2008 American Chemical Society). d–f Dose-
controlled floating evaporation method. Reprinted with permission from [66] (Copyright 2014 American
Chemical Society)
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electrodes to align SWCNTs, as shown in Fig. 6 [75, 76]. Highly aligned SWNTs

with controllable density can be obtained by tuning the solution concentration or the

ac-voltage frequency. The advantages of DEP are scalable, location selective and

high efficiency, wherein the CNT assembly can be finished in several minutes or

even seconds [77]. However, DEP preferentially assemble metallic SWCNT, which

results in low on/off ratios of the TFTs unless extremely high purity semiconducting

SWCNT solution was used [78].

Table 2 compared the above methods for SWCNT film fabrication using solution

processed materials. The direct solution deposition and printing methods are more

promising; however, they are still under-developed for mass production of CNT-

TFT backplanes. More efforts are needed to develop the techniques of CNT thin

film fabrication. It should be noted that CNT-TFTs fabricated on glass substrates

that are being used for current TFT backplanes are seldom reported (as shown in

Table 3). Though might be a trivial issue, it should be confirmed before the CNT-

TFTs go out of the laboratory to manufacturing.

Fig. 6 SWCNTs assembled by DEP. a–c Fringing field DEP method Reprinted with permission from
[76] (Copyright 2014 Nature Publishing Group). d–g Normal co-planar DEP method. Reprinted with
permission from [75] (Copyright 2011 American Chemical Society). h–i Two step fringing field DEP
method. Reprinted with permission from [99] (Copyright 2016 Science China Press). a shows the
experimental set-up for fringing field DEP, while d for normal co-planar DEP. c Simulated space
distribution of the fringing electric field. e–d Control the assembled SWCNT density by simply tuning the
concentration of the solution while keeping all other DEP parameters fixed. h Two SWCNT arrays were
assembled at the source and drain electrodes sequentially which form a cascade structure for reducing the
possibility of percolating metallic pathways and the inter-tube junctions in each path
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4.2 The Fabrication Process of CNT-TFTs

The investment of a display production line is huge, e.g. billions of U.S. dollars for a

line of generation 8 (G8). If the fabrication process of CNT-TFTs can accommodate

the existing backplane manufacturing process, the production cost will be greatly

reduced. In this section, we discuss the reported CNT-TFT fabrication processes in

the laboratory and the requirements for mass production flow in industry.

We have discussed the CNT thin film fabrication in the previous section. After

depositing the CNT film on substrates, photolithography is used to pattern the

channel of the CNT-TFTs. The channel area is protected by a photoresist and the

unwanted areas are removed by oxygen plasma reactive ion etching (RIE). For the

fully printed fabrication processes, the photolithography patterning step can be

avoided [24, 79]. However, the performances of fully printed CNT-TFTs are

relatively low, and the device sizes are relatively big. In those non-fully printed

fabrication processes, photolithography is needed for patterning the gate insulator,

the source/drain and gate electrodes [61, 80].

Almost all of the reported photolithography processes for CNT-TFT fabrication

are lift-off (shown in Fig. 7). In the lift-off process, the photoresist was first

patterned, and then the targeted material was deposited over the whole surface of the

substrate, and the unwanted area was lifted off using solvents. On the contrary, in

the industry of TFT backplane manufacturing, almost every pattern transfer step was

combined photolithography and etching processes, either dry or wet. In lift-off

process, the un-wanted area of the deposited film was lifted off into the solvents.

However, debris may be left on the substrate, which results in device or circuit

failure. This problem can be more easily controlled in the etching process. Thus,

etching processes are preferred due to production control. Furthermore, there are

photoresist patterns on the substrates in the thin film deposition steps in the lift-off

process (as shown in Fig. 7). However, the photoresist is not allowed to enter

Table 2 Comparison of the SWCNT thin film fabrication methods

Direct

solution

deposition

Printing

(ink jet/

aerosol)

Self-

assembly

DEP

CNT geometry Random

network

Random

network

Aligned Aligned

Contamination Low High (cleaning

needed)

Low Low

Throughput High High Low High

Scalability Good Good Poor Good

Cost Low Low Low High (pattern

electrodes for DEP)

Uniformity Good Poor Medium Medium

Compatibility to current TFTs

manufacturing process

Good To be

determined

Poor Poor

Process complexity Low Medium High High
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industrial vacuum instruments with plasma process, e.g. PVD or PECVD, otherwise

the instruments may be damaged by discharge generated by the photoresist.

In the etching process, the fabrication of metal contact to the CNTs is more

complicated than lift-off. Source/drain metal electrodes may be fabricated through

wet etching and then depositing the SWCNT film and pattern the channel by RIE. In

the RIE step, the metal leads unprotected by the photoresist are exposed to the

oxygen plasma, which may be oxidized. Moreover, the CNTs lie on the electrode,

and the contact is built on van de Waals interaction between the CNTs and the metal

in this way. Such contacts are high resistance, and the geometry of metal deposited

on CNTs is preferred for lowering the contact resistance according to the

experiences of FETs on individual CNT [28, 81]. For this geometry, the metal is

deposited over the substrate, and then the source/drain electrodes are defined by

photolithography and wet etching. In this way, the SWCNT film channel area is

covered by the metal film first and then exposed by wet etching of the metal. In

manufacturing, the metal films are usually deposited by PVD process due to its high

throughput, instead of thermal or e-beam evaporations used in the literature [15].

The atomic thin SWCNTs in the channel area are bombarded by the high energy

particles in the PVD process, which may damage the SWCNTs. In the following

metal wet etching, the SWCNT film is exposed to the metal etchants. How the metal

etching residues and the contamination of the wet chemical etchants affect the

devices performance are not known. In the metal PVD deposition step, an insulating

layer may be used to protect the SWCNT film from being bombarded, just as the

etching stop layer in the fabrication of a-IGZO TFTs [36, 82]. However, windows

Fig. 7 Diagram depiction of the lift-off and etching processes
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for metal contacts must be opened in this layer by photo lithography and wet etch

only, otherwise the SWCNTs below will be damaged by dry etch. Then the metal is

deposited and the source/drain patterned by another photo lithography step. Thus,

one more photolithography step is needed, which increases the fabrication cost.

Also, how insulator etchant contamination and insulating residues on the SWCNTs

affect the contact is waiting for study [83, 84].

4.3 The Electrodes and Dielectric Materials

It is known that the Fermi level pinning effect in SWCNT is negligible due to its

quasi-one-dimensional structure [85]. Thus, one can choose a metal with an

appropriate work function to obtain Ohmic contact with the semiconducting

SWCNTs [27, 28, 86]. In addition to the work function, the wettability between the

metal and the SWCNT also affects the contact properties significantly [87]. Among

the many existing metal materials, p-type Ohmic contact is obtained by using Pd

[28], while n-type by using Sc [27] or Y [86]. Pd, Sc, and Y are the mostly used

contact metals for high performance carbon-based nanoelectronics, including CNT

and graphene in the literature. Also, the deposition method is mainly e-beam

evaporation, instead of the widely used PVD method in industry. These metals have

never been used in the TFT backplane manufacturing. The currently used metal is

Al due to its high chemical stability, low resistivity, and low cost. Though Schottky

barriers form at the contact of these metals to SWCNTs [27, 28, 88], the

corresponding etching processes of these metals are well-established for mass

production. If changing the metals to Pd or Sc in the production line, PVD

deposition and the corresponding wet etching processes should be developed and

verified, which are nontrivial matters. For example, the hillock formation problems

of the metal films are resolvable for the metals in manufacturing [36, 89, 90].

However, Pd is found not stick to the substrate well, so that a very thin layer of Ti

was employed to improve the adhesion to substrates [91]. Moreover, the cost of Pd

and Sc are much higher than those currently used metals for TFTs.

Besides the metal electrodes, the gate dielectrics also impact the performance of

the TFT greatly. CNT-TFTs fabricated on Si substrates with the thermally grown

SiO2 as gate dielectrics have been reported. In addition to the thermally grown SiO2,

other materials such as HfO2 and Al2O3 grown by atomic layer deposition (ALD)

have been employed as gate dielectrics. Though high quality dielectrics are easily

obtained by ALD, the cost is high. In the backplane manufacturing, the mostly used

gate dielectric materials are Si3N4 or SiO2 , which are grown by using PECVD.

There are a few reports on CNT-TFT using PECVD grown gate dielectrics [32, 92].

However, fixed charges exist in the PECVD grown Si3N4 will dope the SWCNT

channel to n-type [32]. This is unfavorable for the Pd contacted devices because a

barrier forms between the p-type contact and the n-type doped channel. Other types

of dielectrics have been reported for CNT-TFTs; however, the fabrication processes

are pretty complicated [93, 94]. Therefore, the choice and the fabrication of the

electrodes metal and gate dielectrics for CNT-TFTs need to be optimized according

to the backplane manufacturing process.
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4.4 Performance of CNT-TFTs

The key device metrics for evaluating the performance of a TFT include on-state

current (Ion), off-state current (Ioff), the on/off current ratio (Ion/Ioff), mobility (l),
sub-threshold swing (SS), and threshold voltage (Vth). In addition to these metrics,

the devices uniformity in large area and stability are also critical concerns. Table 3

summarized these metrics reported on solution processed CNT-TFTs. Some of the

metrics concerned in backplane electronics application are not paid enough

attention in previous studies, as evident by the missing data in the table. In this

section, we will discuss the requirements of these metrics for backplane of displays

and the status of the CNT-TFTs research.

4.4.1 Ion, Ioff , and Ion/Ioff

LCDs hold the largest market share of FPDs, so we focus on the requirements for

TFTs based on LCD. From Sect. 2, the pixels of a FPD are addressed by scanning

the TFT array on the backplane row-by-row. The addressing TFT is switched on

during the interval of ton, and the capacitor in the pixel is charged by Vdata in the

column to turn the pixel on. Ion of the TFT must be high enough to charge the

capacitor within one line time, i.e.,

Ionton [Cpixel chargeVcharge ð1Þ

where Vcharge is the voltage of the capacitor to be set, and Cpixel charge is the pixel

capacitance during charging. Typical Ion value of a-Si TFT in backplane is about 1

lA. For a 1024 lines image with 60 Hz frame rate, ton for each line is about (1/60)/

1024 * 16.3 ls and tf is * 16.67 ms. At the end of ton, this row of TFTs is

switched off by remove Vscan, until next frame. It is important to maintain the

original signal voltage across the LC capacitor during this interval. However, the de-

selected TFTs will experience a variety of different voltages between their source

and drain during tf. This voltage can be high up to 2Vdata, because alternative

voltages, -Vdata to ? Vdata are applied to prevent the orientation layer DC blocking

effect and mobile ions DC residue effect in LCD [95]. A leakage current (Ioff) exist

even when the TFT is switched off. This leakage lowers the Vcharge on the capacitor,

which changes the status of the LC molecules and hence the brightness of the pixel.

The leakage should be small enough to keep the brightness change less than one

gray scale, i.e.

Ioff tf\Cpixel leakVhold ð2Þ

where Vhold is the voltage change for one gray scale and Cpixel leak is the pixel

capacitance during leakage. Thus, the requirement for the on/off ratio of the

switching TFTs is

Ion

Ioff
[

Cpixel charge

Cpixel leak

Vcharge

Vhold

tf

ton
ð3Þ
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Figure 1b shows an illustration of typical transmission versus voltage curve of

LC molecule. About 2 V is needed for the transparency of the LC molecule changes

form 10 to 90% [95]. If these 2 V are divided into a 256 gray scale (8 bit),

then *8 mV is needed for one gray scale change. Cpixel charge is usually about

1 * 4 times of Cpixel leak [95], thus the required Ion/Ioff * 106 for a 1024 line

image with 60 Hz frame rate. If the frame rate is higher than 60 Hz, the on/off ratio

is required to be higher than 106. Moreover, higher on/off ratio makes easier design

for the driving circuits and better control of picture quality.

Ion is not a problem for CNT-TFTs. Because of the excellent electrical properties

of SWCNT, the current of an individual SWCNT can be higher than 20 lA [27, 28].

Though there are many inter-tube junctions, high Ion is easily obtained in the

network type CNT-TFTs. The current density in the range of 1-10 lA/lm is

commonly reported for solution processed CNT-TFTs (as shown in Table 3). These

current densities are much higher than that of the a-Si TFTs [12], and even higher

than some of those reported a-IGZO [34] and LTPS TFTs [96]. The current density

is greatly improved when the tubes in the channel are aligned [16, 39, 72]. The high

Ion of CNT-TFTs not only meet the requirement of high resolution displays, but is

also benefit for improving the aperture ratio.

Lower Ioff and higher Ion/Ioff are preferred for low power consumption and better

picture quality of FPDs. Both the semiconducting purity of the SWCNTs in the

channel and the diameter (or band gap) affect the Ioff and Ion/Ioff of the CNT-TFTs.

In early studies, considerable metallic SWCNTs exist in the channel of the CNT-

TFTs. Though high Ion and high mobility are easily obtained, the Ioff is relatively

high and the Ion/Ioff is very low [15]. To improve the Ion/Ioff and lower Ioff, the CNT

film was stripped to suppress the possibility of the percolated metallic conducting

paths that directly bridge the source to the drain [20, 31]. By tuning the ratio of the

width and length of the CNT film stripe, high Ion/Ioff up to 105 can be obtained.

However, it is very difficult to obtain Ion/Ioff higher than 106.

Bao’s group developed a self-sorted technique for solution processed SWCNTs

which can obtain high Ion/Ioff [70, 97]. The un-separated SWCNT solution was spin-

coated to surface functionalized substrates, and semiconducting SWCNTs are

preferred to be absorbed onto the substrates and partially aligned. In this way, Ion/Ioff
of the fabricated CNT-TFTs can be high up to 105–106 due to the high

semiconducting purity. Unfortunately, the tube density of the SWCNT film is very

low, which results in too low Ion.

As the development of the solution-based sorting techniques of semiconducting

SWCNTs, high purity ([99%) semiconducting SWCNT solutions are commercialized,

and even with certain chirality [59, 60]. By using the separated SWCNT solutions, the

metallic percolation paths was suppressed greatly and the obtained Ion/Ioff of the CNT-

TFTs can be up to 105–107, which meet the requirements for display application.

It should be noted that the reported high Ion/Ioff values are mostly obtained in

relatively long channel CNT-TFTs (usually[10 lm) and at low source/drain bias

(usually\1 V as shown in Table 3). The reason is large channel length to tube

length ratio is benefit to suppress the metallic percolating paths, and hence high Ion/

Ioff is obtainable according to the percolation theory [46, 47]. However, to maintain
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high Ion, the channel width should be increased meanwhile for long channel length

devices. Thus, the size of the CNT-TFTs increases, which lowers the aperture ratio,

and limits their application in high pixel density (e.g. *1000 ppi) FPDs.

To obtain high Ion/Ioff in CNT-TFTs with relatively short channel length (or small

size device), the purity of the SWCNT material should be further enhanced and/or

decreasing the average length of the SWCNTs. Usually, high power sonication is

used to shorten the SWCNTs in solution, which also introduces more defects [98]

and degrades the mobility of the fabricated CNT-TFTs. Thus, we need to balance

the Ion/Ioff and the mobility. Recently, Liang et al. [99] used a two-step fringing field

dielectrophoretic method to fabricate short channel CNT-TFTs with high Ion/Ioff
(shown in Fig. 6h, i). Densely aligned SWCNT arrays were assembled at the source

and drain electrodes sequentially which form a cascade structure of the aligned

SWCNT arrays. The cascade structure reduces the possibility of percolating

metallic pathways in the channel. In this way, both high Ion/Ioff (up to 107) and high

Ion (8.5 lA/lm) were obtained in CNT-TFTs with short channel length (1–2.5 lm).

This work promises the application of CNT-TFTs in high pixel density FPDs.

The band gap of the SWCNT also impacts the Ioff , and hence the on/off ratio

critically. Ambipolar transport is more likely observed in small band gap (large

diameter) SWCNTs [100]. The pronounced ambipolar behavior results in higher

leakage current, and hence lower Ion/Ioff, especially at high source/drain bias. The

reported high Ion/Ioff values are mostly obtained at relatively low bias (\1 V).

However, the bias on the TFTs can be as high as 2Vdata (*10 V for LCD) during tf,

as mentioned before. Therefore, the Ion/Ioff of the CNT-TFTs should be *106 even

at such high bias. In industrial backplane manufacturing, the Ioff and Ion/Ioff of a TFT

is measured at pretty high bias (*up to over 10 V) and wide gate voltage sweep

range (can be up to -30 V * ? 30 V). However, high Ion/Ioff at such high bias of

CNT-TFTs is seldom reported.

To suppress the ambipolar transport, larger band gap (small diameter) SWCNTs

are preferred. The diameter distribution of the SWCNT depends on the production

methods. For solution based sorting, the SWCNT source materials are mainly

produced by arc-discharge, HiPCO, plasma, and CoMoCAT. The corresponding

diameter distributions are listed in Table 4. Obviously, the HiPCO and CoMoCAT

SWCNTs are more preferred for low Ioff and high Ion/Ioff [101]. However, the cost

of the HiPCO CNT is much higher than other methods, which is an obstacle for its

application in TFT backplanes.

In addition to choosing smaller diameter SWCNTs, the ambipolar transport can

be suppressed by engineering the device structure. Lin et al. [100] used an

asymmetric gate structure with respect to the source and drain electrodes (Fig. 8a,

Table 4 Diameter distribution

of SWCNTs produced by

various methods

Diameter (nm) Ref.

Arc-discharge 1.55 ± 0.1 [146]

HiPCO 0.8–1.2 [59]

CoMoCAT 0.7–1.4 [147]

Plasma 0.9–1.9 [59]
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b). Qiu et al. [102] proposed a feedback gate structure FET, where an additional gate

was introduced at the drain end of the FETs (Fig. 8c, d). Both strategies suppressed

the ambipolar behavior of the SWCNT effectively; however, the feedback gate

structure is more facile for fabrication. It should be noted those strategies are

proposed in individual CNT devices. Whether it can be generalized to the CNT-

TFTs should be verified, though it is very possible in principle.

4.4.2 Sub-threshold Swing (SS)

Lower SS value indicates the TFT can be switched from off- to on-state quickly,

which is required for high resolution FPDs due to the short ton. Typical SS value for

Fig. 8 Suppress the ambipolar transport behavior of SWCNT by device structure engineering. a Partially
gated structure by Lin et al. and their results (b). Reprinted with permission from [100] (Copyright 2011
American Chemical Society) c Feedback gate structure by Qiu et al. and d comparison of the transfer
curves of normal (red) and feedback gate CNT-FETs. Reprinted with permission from [102] (Copyright
2015 American Chemical Society)
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a-Si TFT is * 1 V/dec, while those for LTPS and a-IGZO TFTs are 0.3 * 0.5 V/

dec. The SS value nearly 60 mV/dec has been reported in CNT-FETs [103], and

values lower than 0.1 V/dec are routinely obtained [102, 104]. For CNT-TFTs, the

SS down to 0.15 V/dec was reported by Sangwan et al. [93] by using the hybrid

molecular dielectrics (V-sand). These low SS values are obtained in devices, either

CNT-FETs or CNT-TFTs, with high quality and relatively thin gate dielectrics. The

gate dielectrics of the CNT-TFTs for backplane electronics cannot be very thin. It

must be thick enough to minimize the gate leakage current at high bias and wide

gate voltage range. Thicker dielectrics will degrade the gate control of the channel

and hence increase the SS values of the CNT-TFTs. SS of CNT-TFTs is seldom

measured at high bias [105]; however, typical values of 0.1 * 0.3 V/dec were

reported [105, 106]. Owing to its thin body, it is expected that the SS value of CNT-

TFTs can be further optimized to surpass those of LTPS and oxide TFTs.

4.4.3 Threshold Voltage (Vth)

TheVth of the TFTs in backplanes are required to be near 0 V stablely. The reportedVth

values of the CNT-TFTs are somewhat deviated [38]. Furthermore, large hysteresis is

usually observed in CNT-TFTs [15, 24, 69], which is believed to be due to the charge

trapping induced by the absorbed water and hydroxyl groups at the substrate surface

and mobile charges in the gate dielectrics [105, 107, 108]. It is meaningless to talk

about tuning Vth before fully suppressing the hysteresis. The hysteresis in CNT-FETs

can be suppressed by many methods, such as passivation by using PMMA [107],

HMDS [109], or suspending the SWCNTs [107, 110]. Thesemethods work pretty well

at relatively low bias and/or small gate sweep ranges. However, the situation is more

complicated in CNT-TFTs. In addition to the absorbed water molecules and surface

hydroxyl groups, many dangling bonds at the tube ends and spices binding to the tube

surface which are used for sorting the SWCNTs exist in the channel. These results in

more trap centers, which makes fully suppressing the hysteresis of CNT-TFTs more

difficult. Lefebvre et al. [111] used hydrophobic dielectrics for CNT-TFTs, and the

hysteresis was suppressed effectively (Fig. 9a, b). However, the device fabrication

process needs to be optimized to be compatible with the TFT backplane fabrication

process. Ha et al. [105] encapsulated the CNT-TFTs by using a fluorocarbon polymer.

The hydrophobic fluoropolymers remove the absorbed water molecules from the

vicinity of CNTs efficiently and provide effective screening of the charge carriers in

nanotubes from various trap states in the substrate. The hysteresis is suppressed even

when the device is biased at 5 V and gate voltage sweep from -10 V to ?10 V, as

shown in Fig. 9c, d. More importantly, the device fabrication is compatible with the

TFT backplane production. Once the hysteresis is suppressed, consistent Vth is

obtainable, and it can be tuned to targeted values, e.g. by doping [112, 113],

engineering the work function of the gate [114], or dual gate device structure [105].

When the above problems are solved, the gate bias stress (GBS) stability would

be a critical concern for CNT-TFTs. It has been reported that a variation in Vth of

only ± 0.1 V leads to the luminance of OLED changes by 16% [34]. Poor GBS

stability results in Vth shift subject to prolonged gate-source bias, and hence device

malfunction. In conventional TFTs, the GBS instability usually correlates with the
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hysteresis problem. Factors that lead to hysteresis may also contribute to GBS

instability. However, not enough attentions have been paid to the GBS stability of

the CNT-TFTs. Lee et al. studied GBS stabilities of solution processed CNT-TFTs

[115, 116], as shown in Fig. 10. Obviously, the GBS stabilities of CNT-TFTs need

to be further improved.

4.4.4 Mobility

As discussed in Sect. 3, high mobility is one of the biggest advantages of the CNT-

TFTs over other TFT technologies. The mobility is closely related to the quality of

Fig. 9 Hysteresis-free CNT-TFTs using hydrophobic dielectrics of PVP-pMSSQ (a) and Teflon-AF (b).
Reprinted with permission from [111] (Copyright 2015 AIP Publishing LLC). Fluorocarbon polymer
encapsulation of CNT-TFTs (c) and the resulting hysteresis-free transfer curves (d). Reprinted with
permission from [105] (Copyright 2014 American Chemical Society)
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the channel material. For CNT-TFTs, electrons are scattered within the individual

tubes and at the inter-tube junctions as well. Lower structural defect density in the

individual tubes and less inter-tube junctions are preferred to obtain higher mobility.

The structural defect density in the solution processed SWCNTs are relatively high

due to additional defects introduced during the solution processing. Cao et al. [98]

have evaluated the mobility of the solution processed SWCNTs. The mobility of an

individual SWCNT was measured in the range of 200–600 cm2/Vs. We believe the

mobility can be further improved by optimizing the solution processing, and higher

values up to *1000 cm2/Vs of an individual tube are expected. Since inter-tube

scattering at the junctions deteriorate the mobility, the mobility of the CNT-TFTs

would be much lower than those of the individual solution processed SWCNTs

intuitively. However, the situation may not be that bad. The mobility of a material

depends on the scattering rate of the electrons. If there is no scattering at the inter-

tube junctions, the mobility of the CNT film will be almost equal to that of the

average value of the individual SWCNTs, which is expected to be several hundred

to a thousand cm2/Vs. When considering the inter-tube junctions, the junctions

between two semiconducting tubes are overwhelming in the channel due to the high

purity semiconducting SWCNT solution used. The junction conductance between

two semiconducting tubes is very high, as reported experimentally [117].

Theoretical studies predicted that the transmission coefficient between two CNTs

can be very high [118]. These results indicate the scattering at the junction can be

very low if intimate contact between these tubes is realized [119]. Considering the

density of the inter-tube junction in the film is much lower than that of the structural

defects, the mobility of the CNT films may be expected close to those of the

Fig. 10 Positive GBS (a)–(d) and negative GBS (e)–(h) measurements of CNT-TFTs, which were
fabricated on SiO2/Si substrates with (a), e Al2O3, b, c, f, g PVA, d, h HfO2 passivation layer. Reprinted
with permission from [115] (Copyright 2014 AIP Publishing LLC)

Top Curr Chem (Z) (2016) 374:80

123 250 Reprinted from the journal



individual tubes. Mobility higher than 100 cm2/Vs in the CNT-network has been

reported by several groups [16, 120, 121]. When the tubes are aligned, the number

of inter-tube junctions are further reduced, which is a benefit for mobility

enhancing, and mobility in the range 200–380 cm2/Vs has been reported in aligned

SWCNT films [16]. These results indicate that even higher mobility for CNT-TFTs

is very possible.

4.4.5 Stability and Uniformity

Stability and uniformity are prior requirements of any developed TFT technologies

for real production. For the backplane electronics application, the stability of

environment, temperature, UV irradiation, and GBS for CNT-TFTs should be

investigated thoroughly. However, such investigations are still lacking, just as the

GBS stability, which was discussed in the Sect 4.4.3.

There are some reports on the device uniformity statistics [38, 79]. However,

most results are obtained from devices on relatively small pieces of substrate.

Although a few results on 4-inch wafer scale are reported, the device performance

uniformity does not meet the requirements for practical production [21, 22, 38].

These substrate sizes are much smaller than the backplane glass, even those of the

generation 2.5 (370 mm 9 470 mm). Much effort is needed to improve the

uniformity of the SWCNT thin film over a large area, hence improving the device

performance uniformity.

5 Conclusions and Outlook

So far, we have discussed the application of the CNT-TFTs in FPD products from

the viewpoint of backplane manufacturing. We reviewed the progress of CNT-

TFTs, which were fabricated by solution processed SWCNT materials, which is the

most promising route for mass production. When examining the key performance

metrics of the individual CNT-TFTs, we found that they meet the requirements for

pixel addressing in backplanes of a FPD, and strategies for improving each metric

exist. Some prototype displays have been demonstrated in laboratories. These

progresses give us more confidence of the CNT-TFTs technology for future FPD

industry. However, there is not yet a report on CNT-TFTs for which performance

metrics comply with all those required for displays. The fabrication process is also

needed to be optimized to integrate with the existing TFT manufacturing

technologies. The current research on CNT-TFTs for display is mainly carried

out in research institutes. Now it is time for close collaboration between the research

institutes and FPD manufacturers. In this way, the challenges for CNT-TFTs we

discussed in this paper will be overcome earlier. Although we focus on our

discussion on using CNT-TFTs for the pixel addressing array, we must point out

that CNT-TFTs are capable of much more than that. For example, high performance

CNT-TFT CMOS circuits are demonstrated [122], providing more possibility for

the application of CNT-TFTs in future high-end FPDs, such as the peripheral

circuits on the backplane. Owing to the rapid development of the FPD industry,

Top Curr Chem (Z) (2016) 374:80

123251Reprinted from the journal



nowadays lifestyle has been changed greatly. After two-and-a-half decades of the

discovery of CNT, a FPD with CNT-TFT backplane is now expectable in the near

term. Low power consumption, light-weight, fully transparent, and flexible displays

are also enabled by CNT-TFTs, and the CNT-TFTs technology will impact the FPD

industry profoundly.
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Abstract
Carbon nanotube thin films have attracted considerable attention because of their 
potential use in flexible/stretchable electronics applications, such as flexible displays 
and wearable health monitoring devices. Due to recent progress in the post-purifica-
tion processes of carbon nanotubes, high-purity semiconducting carbon nanotubes 
can be obtained for thin-film transistor applications. One of the key challenges for 
the practical use of carbon nanotube thin-film transistors is the thin-film formation 
technology, which is required for achieving not only high performance but also uni-
form device characteristics. In this paper, after describing the fundamental thin-film 
formation techniques, we review the recent progress of thin-film formation technolo-
gies for carbon nanotube-based flexible electronics.

Keywords  Carbon nanotube · Thin film · Flexible electronics

1  Introduction

Carbon nanotube (CNT) thin films are promising materials for flexible electron-
ics applications because of their multi-functionalities, extraordinary electronic and 
mechanical properties, optical transparencies, biocompatibilities, and chemical sta-
bilities [1–6]. In particular, the multi-functionalities are quite a unique property of 
CNT thin films. Various active and passive components of flexible devices, such 
as transistors [1, 7], integrated circuits [2, 4], and sensors [8], including gas sen-
sors [9–11], ion sensors [12–14], biosensors [15–17], interconnections [18], and 
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transparent conductors [19, 20], can be realized with CNT thin films. It should be 
emphasized that these functionalities can be achieved simultaneously with CNTs. 
The multi-functionalities and high performances are especially important proper-
ties for wearable devices, where various functional devices must be integrated on 
a stretchable ultra-thin substrate. Another advantage of CNT thin films is process-
ability. Simple room-temperature and nonvacuum processes can be adopted to form 
CNT thin films, such as the solution-based coating [21, 22], printing [23–27], and 
dry transfer [20, 28] processes. High-performance flexible devices can be manufac-
tured by low-cost processes.

The greatest challenge for CNT electronics is the control of the structures of 
CNTs, i.e., the bandgap [29]. Recent progress on chirality-controlled growth and 
post-growth separation [30–33] will create new possibilities for the practical use of 
CNT devices. In particular, post-growth separation processes, such as density-gradi-
ent ultracentrifugation [30] and gel-column chromatography [34], have enabled the 
use of high-purity semiconducting CNTs in transistor applications. The formation of 
ultra-high-purity semiconducting CNTs with a purity of > 99.9% was reported [35, 
36].

However, to achieve the performance potentials of CNT materials, the formation 
of CNT thin films is a key issue. The current flows through multiple CNTs in the 
thin film. The conductivity of a CNT thin film is governed by the junctions between 
the CNTs, where a high junction resistance may exist. The junction resistances 
between the CNTs range from 100 kΩ to 10 MΩ, depending on the type of CNTs 
and the junction structure [37–39], which are much higher than the quantum resist-
ances of one-dimensional ballistic conductors. Therefore, to obtain highly conduc-
tive CNT thin films, it is essential to reduce the number of tube-to-tube junctions in 
the current path by using long CNTs as well as maintaining clean tube surfaces to 
prevent increases in the junction resistance during the film formation process.

The alignment of the CNTs can also enhance the performance of thin film 
devices, especially for short channel field-effect transistors (FETs), in which the 
channel length is shorter than the length of the CNTs and each CNT is connected 
to electrodes directly. Highly aligned CNTs were grown on single-crystal oxide sub-
strates, such as quartz and sapphire [40–43]. However, as-grown CNT arrays inevi-
tably contain metallic CNTs, which significantly degrade the device performance.

The variability control in the device properties is also one of the most challenging 
issues to be addressed for CNT thin-film electronics. The variability is intrinsically 
caused by the randomness of the network structure of a CNT thin film, especially in 
the case of ultra-thin films for FET channels. The variability of the CNT thin film 
directly impacts the variability of the thin-film transistor (TFT) electrical perfor-
mance, especially the current driving ability and gate capacitance. For logic circuits, 
the operation speed is limited by devices with low current driving abilities. Higher 
operation voltages are needed to secure a margin of error to account for the worst-
case scenario, resulting in increased power consumption. For analogue circuits, such 
as amplifiers and analogue-to-digital converters for sensor applications, the transis-
tor variability directly affects the circuit variability and performance. The accuracy 
of an analogue-to-digital converter is degraded by this variability, and a dedicated 
circuit design is necessary to compensate for the variability.
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However, the experimentally observed variability is much larger than the intrinsic 
variability [44]. To date, the extrinsic origins of the characteristic variation are still 
unclear. There have been several numerical [45, 46] and experimental studies [44, 
47] in which the characteristic variations of TFTs based on randomly dispersed CNT 
film were investigated. In the numerical simulations, two-dimensional percolation 
theory predicted that the characteristic variation would be reduced by increasing the 
number of CNTs in the channel, thereby increasing (averaging) the number of cur-
rent paths [45]. This was observed experimentally by increasing the CNT number 
density with shortened CNTs [47]. The averaging method would be effective for 
solving the variability issue. However, other problems would arise, such as overlay-
ing and bundling of CNTs, resulting in a degradation of the gate field effect due to 
the screening effect. For a bundle of CNTs, the gate field is screened by the outer 
CNTs, and the carrier densities of the inner CNTs are not significantly modified by 
the gate field. This results in a drain leakage current in the off state. For the vari-
ability issue, a film formation technique that provides a uniform monolayer film of 
individualized CNTs needs to be developed.

In this paper, we review the recent progress on the above-mentioned issues of 
film formation technologies for CNT-based flexible electronics after overviewing 
the fundamental film formation processes.

2 � Fundamental Film Formation Processes

CNTs are not typically grown directly on plastic substrates because of the large gap 
between the growth temperature of the CNTs and the glass transition point of the 
plastic substrate, and thus, the growth and deposition processes are separately car-
ried out. There are two types of process for depositing a CNT thin film on a plastic 
substrate: solution and dry processes, as illustrated in Fig. 1. In the solution process, 
the raw soot of CNTs grown by chemical vapor deposition or other techniques is dis-
persed in a liquid, such as water or an organic solvent, to make an ink. Subsequently, 
a thin film is formed on a plastic substrate by printing or coating techniques. As a 
feature of the solution method, a separation process that yields high-purity semicon-
ducting or metal CNTs by the previously mentioned method can be used after the 
dispersion process, based on the requirements of the application.

The key challenge of the solution process is the mono-dispersion of CNTs in the 
ink without damaging the CNTs. The degree of mono-dispersion directly impacts 
the purity and yield in the metal/semiconductor separation process. To achieve this, 
ultrasonication is applied in the dispersion process to de-bundle the CNTs in the raw 
soot. However, the CNTs are damaged and cut to shorter lengths by the sonication. 
This increases the number of junctions in the current path and degrades the car-
rier mobility and conductivity. In addition, a dispersant, such as a surfactant, and a 
polymer are added to the liquid to stabilize the dispersion of CNTs. The residual dis-
persant in the CNT film increases the contact resistance between the CNTs. Further-
more, some surfactants also cause unintentional carrier doping of the CNTs, mak-
ing it difficult to control the threshold voltage of the transistors. A cleaning process 
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must be developed to completely remove the surfactants and polymers used as the 
dispersant.

CNT thin films produced by the solution method exhibit much poorer perfor-
mance than expected from the conductivity of individual CNTs in many cases. The 
typical lengths of CNTs range from 0.1 to 1.5  μm, depending on the sonication 
power and time [22, 48]. Recently, some efforts have been made to address these 
issues. Shirae et  al. developed a repetitive dispersion–extraction process to over-
come the trade-off between achieving sufficient dispersion and the lengths of the 
dispersed CNTs and obtained a highly conductive transparent conductive film based 
on the solution process [49]. This technique also overcomes the quality–quantity 
trade-off in the dispersion process, yielding long CNTs (10–20 μm) and short CNTs 
that were a few μm long for few-wall CNTs. The length-sorting technique based on 
gel-column chromatography developed by Miyata et al. is also effective for obtain-
ing high-performance CNT thin films, though the yield is low [50]. The mean length 
of the length-sorted semiconducting CNTs was ~ 1.5 μm. A high carrier mobility of 
164 cm2 V−1 s−1 was achieved in a CNT TFT. Toshimitsu et al. struggled with the 
residual dispersant issue and developed a removable solubilizer based on dynamic 
supramolecular coordination chemistry [51].

Another difficult issue to be addressed is the uniformity and bundling control of 
the CNT thin film in the deposition process. CNTs tend to agglomerate due to the 
surface tension of the liquid when the ink dries on the substrate, resulting in a non-
uniform film. For transistor applications, the bundling of the CNTs should also be 
controlled. Recent progress regarding this issue will be presented further in the next 
section.

Fig. 1   Process flow chart from CNT thin film formation to device fabrication for solution and dry pro-
cesses
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The main dry process for CNT film formation is a transfer process based on 
the floating-catalyst chemical vapor deposition technique [52]. In floating-catalyst 
chemical vapor deposition, the catalyst nanoparticles for CNT growth are not sup-
ported on a substrate but float in the carrier gas, and thus, individualized or bundled 
CNTs are obtained in aerosol form. A thin film can be easily obtained from the CNT 
aerosol by filtration [20] or direct deposition [53] methods. By the filtration method, 
the CNTs are collected by a membrane filter and a fairly uniform thin film of CNTs 
is obtained on the filter. The CNT thin film on the filter is transferable to various 
kinds of target substrates, such as plastic, glass, silicon, and metals [20]. For very 
thin CNT films for transistor applications, the thin films can be transferred by dis-
solving the nitrocellulose-based membrane filter with acetone after attaching the fil-
ter onto the target substrate [4]. Micro-patterning necessary for device applications 
is also possible in the filtration process by using a micro-patterned filter [28]. In the 
direct deposition techniques, the CNTs are directly deposited on the plastic film by 
utilizing electrostatic forces [53] or temperature-gradient-induced thermophoresis 
[54–56] to attract the CNTs to the substrate. Alignment of the CNTs would also be 
possible by utilizing gas flow.

In dry processes, a thin film is directly formed by as-grown CNTs without disper-
sion in the liquid, unlike the solution process. Therefore, it is possible to obtain a 
uniform and high-performance thin film with long and contamination-free CNTs. 
The length of the single-walled CNTs ranges from 2 to 6 μm [57]. Aggregation of 
CNTs does not occur in the dry process. High-performance, transparent, conductive 
films with sheet resistances of 78 Ω  sq−1 and optical transmittances of 90% were 
achieved [58]. The trade-off between the sheet resistance and optical transmittance 
can be overcome by applying a microscale grid structure [28]. A roll-to-roll process 
for producing meter-scale transparent conductive films on a plastic film was recently 
developed by Wang et al. [59]. CNT TFTs with high-carrier mobilities of more than 
1000 cm2 V−1 s−1 were also fabricated using the semi-dry process based on floating-
catalyst chemical vapor deposition, where a CNT thin film was formed on a mem-
brane filter and was subsequently transferred to a plastic substrate by dissolving the 
filter with acetone [4, 5.] The unique morphology of the long CNT network with 
Y-type tube-to-tube junctions rather than X-type junctions also contributed to the 
low contact resistance and high carrier mobility [4].

However, it is difficult to introduce a semiconductor/metal separation process, 
which is normally a solution-based process. The conduction property is controlled 
by the density and ratio of semiconducting/metallic CNTs. Semiconducting behav-
ior can be obtained by using a network-like CNT thin film with a very low density 
near the percolation threshold. However, a short-circuit issue is likely to occur if it 
is a mixture of semiconducting and metallic CNTs. The probability of the short-
circuit issue occurring increases with an increase in the density of the CNTs, and 
thus, there is a trade-off between uniformity and performance of the CNT TFTs. To 
overcome the trade-off, preferential growth of semiconducting CNTs and chirality-
controlled growth of particular CNT species may be possible solutions [60–62]. An 
alternate route is the selective removal of the metallic or semiconducting CNTs after 
the growth. The electrical breakdown technique by Joule heating is often used to 
selectively cut the metallic CNTs without damaging the other CNTs, exploiting the 
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difference in the electrical transport properties of the two types of CNTs [63–66]. 
Polymer- and water-assisted electrical breakdown have been developed to burn 
metallic CNTs with large lengths [64, 67]. Chemical and electrochemical approaches 
[68–70] are scalable batch process for the removal of metallic CNTs.

3 � Thin‑Film Formation for Semiconductor Applications

Solution-processed semiconducting CNTs can potentially be used to realize high-
performance flexible transistors with high uniformity and yield. In this section, we 
focus on the recent progress in the deposition of semiconducting CNTs from suspen-
sions onto substrates. By utilizing specific interactions between CNTs and function-
alized surfaces [71, 72], the controlled deposition of CNT thin films, e.g., alignment, 
desired density, and micro-patterning, has been enabled.

Solution-based wet processes for random CNT network formation are mainly cat-
egorized as drop-casting [73], immersion-coating [74], spray-coating [75], filtration/
transfer methods [19, 76], and dielectrophoretic assembly [77]. With a drop-casting 
technique, Shimizu et al. indicated that the surfactant type affects the morphology 
of CNT thin film and the TFT performance [78]. The network morphologies were 
highly dependent on the surfactant type, even though the CNT thin-films were fab-
ricated from the same CNTs using the same process, as shown in Fig. 2. Sodium 
deoxycholate produced structures with the finest mesh sizes that comprised mostly 
individual CNTs. The performance of the TFTs was highly correlated with the mor-
phology of the CNT network. The highest on/off ratio and mobility of 1 × 106 and 
42  cm2 V−1 s−1 were obtained, respectively, for the TFT produced from sodium 
deoxycholate, due to the fine mesh structure. Designing surfactant–substrate interac-
tions is important for assembling CNT networks. However, the mechanisms involved 
have not been clarified well.

Kiriya et  al. investigated a CNT assembly with steroid- and alkyl-based sur-
factants [79]. They found that the steroid-based surfactants yielded highly dense 
CNT films. However, the alkyl surfactants prohibited CNT assembly due to for-
mation of packed alkyl layers of residual surfactants on the substrate surface that 
repel surfactant-encapsulated CNTs, as illustrated in Fig.  3. Using this method, 
roll-to-roll assembly of CNTs on plastic substrates with high densities was 
achieved. Large-scale 4-in.-area CNT film formation was also reported by Tian 
et  al. by covering the Si/SiO2 surface with a CNT suspension, and wafer-scale 

Fig. 2   Effect of surfactant type on morphologies of CNT thin films formed by solution process. a AFM 
images and height profiles (the green line in the AFM image) of the typical CNT networks formed using 
(i) SDS, (ii) SDBS, (iii) SC, and (iv) DOC. Scale bar 1 μm. Inset in panels (iii) and (iv): magnified views 
of the thin film. Scale bar 400 nm. b Schematic images of the network with different attractive interac-
tions in the solution just before removing it. More CNTs are aligned in a parallel fashion as the attractive 
interaction increases. (i) Aligned short bundles (SDS). (ii) Continuously connected bundles (SDBS). (iii) 
Locally aligned CNTs (SC). (iv) Random network of CNTs (DOC). (v, vi) Side-view images of the lat-
eral capillary force, which is present when the substrate is dried. (v) The CNTs form bundles due to inho-
mogeneous lateral capillary forces (SDS, SDBS). (vi) The networks maintain a random network (SC, 
DOC) because the capillary forces cancel each other. Copyright 2013 American Chemical Society [78]

▸
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fabrication of TFTs was achieved with high yield on the entire surface of a Si 
substrate [80]. Using various geometries, 25,200 devices were fabricated on rigid 
and flexible substrates, and the structures exhibited relatively uniform character-
istics. A similar technique was used to obtain TFTs that showed small threshold 
voltage distributions. Consequently, logic gates were able to achieve voltages as 
low as 2 V [81, 82].

Wet-filtration processes using a vacuum [76, 83] are also good candidates for 
obtaining large-scale and relatively uniform CNT films. The density of CNTs 
is easily controlled by the amount of installed CNT suspension. The CNT film 
deposited on the filter was easily transferred onto rigid/flexible substrates. Geier 
et al. fabricated a large number of TFTs for CNT thin-film complementary static 
random-access memory using the filtration method [83].

Aligned CNT assemblies with high-purity semiconducting CNTs are a poten-
tial way to enhance device performances. One of the earliest reports on the Lang-
muir–Blodgett assembly of aligned CNTs was reported by Li et  al. They fabri-
cated TFTs with high current driving abilities of ~ 300 mA mm−1 normalized by 
the channel width [84]. Cao et al. reported arrays of high-purity semiconducting 
CNTs with full surface coverage using the Langmuir–Schaefer method [85], as 

Fig. 3   Schematic illustration of adhesion of CNTs on a substrate modified with amine self-assembled 
monolayer (SAM). Top: CNT dispersion with an alkyl-type surfactant (AS). The illustrated chemical is 
SDBS. The residual AS is assembled onto the surface of the amine-modified substrate, which induced a 
repulsive force against the CNTs surrounded by the same surfactant. Thus, CNTs are not deposited, and 
only surfactants remain on the surface of the substrate. Bottom: CNT dispersion with a steroid type sur-
factant (SS). Because of the rigid structure of the steroid surfactants, the dense blocking layer formed in 
the AS case is not formed on the substrate, facilitating adhesion of the CNTs. Copyright 2014 American 
Chemical Society [79]
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Fig. 4   Assembly of aligned CNT thin films. a Langmuir–Schaefer assembly process. SEM, AFM, and 
TEM images of the aligned CNT thin film. Inset of TEM image is the high-resolution cross-sectional 
TEM image (scale bar 5 nm). Copyright 2013 Macmillan Publishers Limited [85]. b The iterative pro-
cess used to fabricate aligned CNTs driven by the spreading and evaporation of controlled doses of 
organic solvent at the air/water interface. Copyright 2014 American Chemical Society [86]. FETs con-
structed from densely packed aligned semiconducting CNT arrays. Schematic of CNT array resting on a 
SiO2/Si back gate with top Pd source and drain electrodes. False-colored SEM image of a representative 
FET with channel width Wch of 4.1 μm and channel length Lch of 150 nm. Inset SEM image (scale bar 
200  nm) shows the CNT array, with 47 CNTs  μm−1 and a high degree of alignment. Cross-sectional 
TEM image of Pd/CNT/SiO2 electrode stack where the “humps” in the Pd correspond to CNTs in the 
array. High-resolution TEM images reveal individual CNTs beneath the Pd “humps” with diameters of 
1.3–1.9 nm. AFM image of 30 nm of Pd coating a CNT array, showing the Pd conforming to the individ-
ual CNTs. Copyright 2016 American Association for the Advancement of Science [87]. d Slow filtration 
method for wafer-scale monodomain films of aligned CNTs. A CNT suspension passes slowly through a 
vacuum filtration system. A wafer-scale, uniform CNT film is formed on the filter membrane. The SEM 
and top-view TEM images show the strong alignment and high density of the film. A cross-sectional 
TEM image shows a high cross-sectional areal density of ~ 106 μm−2. The angular distribution of CNTs 
with a standard deviation of 1.5° shows the high degree of alignment. The film is opaque to light polar-
ized parallel to the CNT alignment direction and transparent to light polarized perpendicular to the align-
ment direction on a macroscopic scale. Copyright 2016 Springer Nature [90]
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shown in Fig. 4a. Their method achieved semiconducting CNT arrays with high 
densities of more than 500 tubes μm−1, and the transistor exhibited a high current 
density of 120 mA mm−1 and a transconductance greater than 40 mS mm−1.

Floating evaporative self-assembly and alignment of semiconducting CNTs 
from organic solvents was achieved by Joo et  al. The CNTs were highly aligned 
(within ± 14°), packed at a density of ~ 50 tubes μm−1, and formed a well-ordered 
monolayer, as shown in Fig. 4b [86]. Their TFTs showed high performances with 
mobilities of 38 cm2 V−1 s−1 and on/off ratios of 2.2 × 106 for a channel size of 9 μm. 
The CNT FET with a channel length of 140 nm exhibited a current driving ability 
of 350 mA mm−1, which exceeded that of the 90-nm Si MOSFET [87]. Radio-fre-
quency FETs were fabricated using aligned semiconducting CNTs, and current-gain 
cut-off and maximum oscillation frequencies greater than 70 GHz were simultane-
ously achieved [88].

The other approach for aligning CNTs is top-down patterning and self-assembly 
for regular arrays of semiconducting CNTs, producing a density of 80 CNTs μm−1 
and large-scale homogeneity of the patterned areas [89]. This method is advanta-
geous in terms of arbitral direction of CNT alignment.

Large-area assembly of aligned CNTs is also an important challenge for practical 
applications. A wafer-scale monodomain film of aligned single-walled CNTs was 
realized by slow vacuum filtration by He et al. as shown in Fig. 4c [90]. They per-
formed vacuum filtration of a CNT suspension at a low speed, forming a large area 
(> cm2) film of aligned CNTs with a thickness of a few to 100 nm. In this method, 
CNTs accumulated, interacted with each other, and formed an ordered two-dimen-
sional phase on the hydrophilic surface of the membrane filter. The authors demon-
strated the improved responsivity in an optical detector using the aligned CNT film. 
This method would also be applicable for transistors. However, monolayer-thick film 
formation is a key issue to avoid the screening of the gate field.

4 � Conclusions and Prospects

Recent development of post-growth purification processes has enabled the fabrica-
tion of high-purity semiconducting CNT materials for electronics applications. Vari-
ous film formation techniques have been developed to realize CNT TFTs. Simple 
solution-based dip-coating and filtration/transfer methods are useful for achiev-
ing large-area, uniform thin films from a dispersion of semiconducting CNTs for 
low-cost flexible devices. These processes are scalable and reproducible. Further 
improvement is needed to minimize the variability of the device characteristics and 
power consumption of the integrated circuits.

Aligned and high-density assembly techniques are also emerging for high-per-
formance semiconductor applications. CNT FETs have been fabricated that outper-
formed Si MOSFETs. Scaleup of the alignment assembly technique will open new 
paths for achieving the ultimate goal of a “CNT wafer”.

For practical use of CNT thin film devices, complete removal of the residual sur-
factants and polymers used for the ink is needed to ensure the controllability of the 
device properties and reliability. Computer-aided design tools for CNT integrated 
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circuits are indispensable for designing functional circuits, such as analogue–digital 
converters for wearable sensor applications.
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Abstract  Photovoltaics, more generally known as solar cells, are made from semi-
conducting materials that convert light into electricity. Solar cells have received 
much attention in recent years due to their promise as clean and efficient light-har-
vesting devices. Single-walled carbon nanotubes (SWNTs) could play a crucial role 
in these devices and have been the subject of much research, which continues to this 
day. SWNTs are known to outperform multi-walled carbon nanotubes (MWNTs) at 
low densities, because of the difference in their optical transmittance for the same 
current density, which is the most important parameter in comparing SWNTs and 
MWNTs. SWNT films show semiconducting features, which make SWNTs func-
tion as active or charge-transporting materials. This chapter, consisting of two sec-
tions, focuses on the use of SWNTs in solar cells. In the first section, we discuss 
SWNTs as a light harvester and charge transporter in the photoactive layer, which 
are reviewed chronologically to show the history of the research progress. In the 
second section, we discuss SWNTs as a transparent conductive layer outside of the 
photoactive layer, which is relatively more actively researched. This section intro-
duces SWNT applications in silicon solar cells, organic solar cells, and perovskite 
solar cells each, from their prototypes to recent results. As we go along, the science 
and prospects of the application of solar cells will be discussed.
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1 � Single‑Walled Carbon Nanotubes as the Photoactive Material 
in Solar Cells

SWNTs provide an ideal light-harvesting medium that has a wide range of direct 
band gaps [1], strong absorptions within the solar spectrum [2–4], and high carrier 
mobility [5, 6] with excellent chemical stability. Compared with carbon nanotubes 
(CNTs), organic compounds have inherently low carrier mobility and low stability. 
Organic semiconductors have carrier mobility that is a hundredth that of inorganic 
materials. This creates a bottleneck in the performance of organic solar cells (OSCs) 
[7–11]. Therefore, incorporating CNTs in OSCs can improve device performance 
greatly. In this section, we discuss the use of SWNTs in the photoactive layer of pho-
tovoltaics, and review demonstrations of this technology in literature.

An individual SWNT can form a p–n junction diode, giving rise to the photovol-
taic effect [12, 13]. Thus, SWNTs exhibit high power conversion efficiency (PCE) 
under illumination. SWNTs comprise semiconducting and metallic forms, generally 
in a 2:1 ratio. Semiconducting SWNTs form Schottky contacts with metallic objects, 
which are responsible for the ideal diode behavior, whereas metallic SWNTs easily 
recombine electrons and holes [14]. It is therefore important that SWNTs be purified 
according to their use. The difference in electronic structure between semiconduct-
ing and metallic SWNTs originates from their chirality, and they can be chiral-spe-
cifically synthesized [15, 16] or sorted by various methods based on their diameters 
and electronic properties (Fig.  1). Well-known sorting methods are density gradi-
ent ultracentrifugation [17, 18], gel-chromatography [19], and aqueous two-phase 
separation [20]. These methods exploit differences in diameter, chirality, and elec-
tronic properties of CNTs to precisely collect multiple chiralities of semiconducting 
SWNTs. Since each chirality absorbs a specific light wavelength, the semiconduct-
ing SWNTs obtained by this method can be used as a photoactive material. Because 
CNTs have high conductivity along the tube axis, SWNTs can act effectively, not 

Fig. 1   a Definition of chiral vectors in a hexagonal lattice. b For a SWNT chirality of (n,m), if the value 
of (n − m)/3 is an integer, the SWNT is metallic. The red dots represent metallic SWNTs
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only as a light harvester, but also as a charge transporter in the photoactive layer. 
This means that SWNTs possess the dual functionality of a light absorber and a 
charge-selective material.

Solar cell devices, in general, are mainly composed of an active layer, a charge 
selective layer, and a charge conductive layer. The active layer absorbs light and gen-
erates excitons. The charge selective layers are placed above and below the active 
layer to filter out any unwanted charges, preventing recombination after excitation. 
These are then followed by the conductive layers, which extract the filtered charges. 
A polymer matrix composed of conductive polymer, and SWNTs allows exciton dis-
sociation in a strong electric field, with the CNTs functioning as the electron trans-
porter [21]. An interpenetrating donor–acceptor heterojunction achieves efficient 
charge separation and charge collection such that electrons and holes can travel 
toward their respective contacts through the polymer donors and CNT acceptors. 
Poly(3-hexylthiophene), or P3HT, and poly(3-octylthiophene), P3OT, are the most 
commonly used polymer donors and are generally mixed with SWNTs in solution 
[22, 23].

1.1 � CNT as Electron Acceptors/Transporters

In this line of research, CNTs started out as electron acceptors. Prof. Sir. Richard 
Friend reported polymer- and CNT-based OSCs using poly(p-phenylene vinylene), 
PPV, and MWNTs (Table  1: report A for the first time to the best of our knowl-
edge) [24]. Despite effective charge transfer from PPV to the CNTs, charge recom-
bination within the CNT networks limited the device performance. Moreover, poor 
dispersion of CNTs in PPV resulted in severe aggregation of the CNTs. Kymakis 
and Amaratunga reported the OSCs using SWNTs, which were mixed with P3OT 
(Table 1: report B) [21, 25]. Although the PCE was low (0.04%), they successfully 
demonstrated the electron acceptor behavior of the SWNTs with an open-circuit 
voltage (VOC) of 0.9  V and fill factor (FF) of 0.4. The results revealed that pho-
toinduced electron transfer occurred at the polymer/nanotube interface and showed 
the promise of conjugated polymer-SWNT composites. C60-modified SWNTs were 
mixed with P3HT to give a much improved PCE of 0.57% (Table 1: report C) [26, 
27]. SWNTs and C60 were mixed in toluene and irradiated with microwaves, fol-
lowed by addition of P3HT. Improved short-circuit current density (JSC) was a direct 
result of higher electron mobility owing to the SWNTs. Furthermore, a change of 
morphology increased FF as well.

Thermal post-treatment was discovered at this point, which entails heating 
devices beyond the glass transition temperature of the polymer donor. This treat-
ment caused beneficial phase separation of the blend and improved the ordering of 
the polymeric chains, which improved charge transfer, transport, and collection. It 
was also reported that this treatment substantially increased the hole mobility of the 
polymer–CNT composites [28]. Jousselme and colleagues reported SWNT, P3HT, 
and 1-(3-methoxycarbonyl)-propyl-1-phenyl[6]C61 (PCBM) nanocomposites that 
were prepared by a method using high dissolution followed by concentration to 
control the ratio of CNTs-to-P3HT/PCBM in the mixture and disperse the CNTs 
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homogeneously throughout the matrix (Table 1: report D) [5]. A P3HT/PCBM (1:1) 
mixture with 0.1 wt% MWNTs gave the highest PCE of 2.0%. Ozkan and colleagues 
realized controlled placement of an SWNT monolayer network at four different posi-
tions in polymer–fullerene solar cells and found that SWNTs on the hole-collecting 
side of the active layer gave a high PCE of 4.9% (Table  1: report E; Fig.  2) [6]. 
They also demonstrated that SWNTs on top of the active layer led to an increased 
fluorescence lifetime of P3HT. Dip coating from a hydrophilic suspension was used 
for this experiment. Gradecak and co-workers researched SWNTs as electron accep-
tors and demonstrated a PCE of 0.72% for SWNT/P3HT bulk heterojunction solar 
cells (Table 1: report F) [29]. A key point in this research was using purely semi-
conducting SWNTs coated with well-ordered P3HT by π–π interactions to enhance 
charge separation and transport. They found that the electrical characteristics of the 
devices were strongly dependent on the SWNT loading. Modeling of the VOC sug-
gested that despite the large carrier mobility in SWNTs, PCE was limited by carrier 
recombination.

Table 1   Photovoltaic data of representative devices from literature, in which SWNTs have been used as 
either a light harvester or charge transporter

Structures PCE (%) Note

A MWNT/PPV/Al 1.8 The very first OSC using CNTs in the active 
layer

B ITO/P3OT:SWNT/Al 0.04 The first OSC using SWNTs in the active 
layer

C ITO/PEDOT/P3HT:C60-SWNT/Au 0.57 C60-SWNT composites were used
D ITO/PEDOT/CNT:P3HT:PCBM/LiF/Al 2.0 Studied the effect of CNT content in com-

posites
E ITO/PEDOT:SWNT/P3HT:PCBM/Al 4.9 Investigated positional effect of SWNTs on 

PCE
F ITO/PEDOT/SWNT:P3HT/BCP/Al 0.72 Using semiconducting SWNTs coated with 

P3HT
G ITO/SWNT:PCBM/C60/BCP/Ag 1.3 SWNTs as electron donor and infrared 

absorber
H ITO/PEDOT/SWNT:r-GO:C70/C70/Al 0.85 Incorporated reduced graphene oxide
I ITO/PEDOT/TFB/PC71BM:r-GO:SWNT/

Al
1.3 Further improved PCE by using PC71BM

J ITO/PEDOT/SWNT/C60/Ag 0.46 No SWNT composite, attempt at full-carbon 
SC

K ITO/ZnO NW/SWNT:PC71BM/MoOx/Ag 3.1 Application of ZnO NW
L ITO/PEDOT/P3HT:PCBM:B-CNT/TiOx/

Al
4.1 B-, N-doped MWNTs were used to enhance 

PCE
M ITO/PEDOT/P3HT:ICBA:QD:N-CNT/

TiOx/Al
6.1 QDs were used to enhance doping and 

dispersion
N ITO/PEDOT/PTB7:PC71BM:N-CNT/

Ca/Al
8.6 Low-band gap polymer, PTB7 was used

O ITO/ZnO/P3HT:SWNT/MoS2/PEDOT/Au 0.46 SWNTs enabled a mixture of MoS2 and 
P3HT
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1.2 � CNT as Light Absorber and Electron Donor

Arnold and colleagues went further and showed that semiconducting SWNTs can 
be used not only as an electron acceptors but as light-harvesting electron donors 
as well [30–32]. They formed a semiconducting SWNT/PCBM bulk heterojunction 
with a layer of bathocuproine (BCP) and overcame the limited diffusion of semi-
conducting SWNTs to produce near-infrared efficiency of 1.3% (Table 1: report G) 
[33]. A follow-up work [34] provided some mechanistic insights but did not produce 
a higher efficiency, particularly in the visible region of the solar spectrum. Higher 
efficiency was not realized until reduced graphene oxide (r-GO) was introduced as 
a cascade material connecting SWNTs and fullerene acceptors. Both pristine CNTs 
and graphene have low surface energy arising from neutral C–C bonding [35, 36]. In 
contrast, chemically modified graphene, such as r-GO and nitrogen-doped GO, have 
higher surface energy due to their surface functional groups and doped heteroatoms 
with differing electronegativity [37–39]. With atomic-scale flatness and sufficiently 
high surface energy, chemically modified graphene adds a robust additional layer 
to be built upon in further nanoscale processing. The high thermal and chemical 
stability of chemically modified graphene is advantageous for direct nanoscale pro-
cessing. Huang and colleagues achieved PCEs of 0.21 and 0.85% using C60 and C70, 
respectively, in a system with semiconducting SWNTs as the donor, fullerenes as 
the acceptor, and r-GO as an energetically mediating species (Table 1: report H) [40, 
41]. Ren and colleagues followed suit, but this time they used r-GO and SWNTs with 
[6]-phenyl C71-butyric acid methyl ester (PC71BM). Also, poly[(9,9-dioctylfluore-
nyl-2,7-diyl)-co-(4,40-(N-(4-sec-butylphenyl)) diphenylamine)] (TFB) was used as 
a hole-blocking layer, which is rather unusual. They achieved a PCE of 1.3% using 
a composition of PC71BM (88–97%)/semiconducting-SWNT (1–10%)/r-GO (~ 2%; 
Table  1: report I) [42]. Bao and colleagues reported an attempt at an all-carbon 
OSC, in which the anode, the active layer, and the cathode were all made up of car-
bon materials. As a first step, they optimized the active layer composed of a bilayer 
film of solution-sorted semiconducting SWNTs as the light absorber and donor and 
C60 as the acceptor between indium tin oxide (ITO) and metal electrodes. By opti-
mizing the semiconducting SWNT dispersion and deposition conditions and the C60 
layer thickness, they produced a PCE of 0.46% (Table 1: report J) [43, 44]. As a next 

Fig. 2   Illustration of a work 
reported in reference [6]. 
SWNTs located either above 
or below the hole-transporting 
layer of OSCs perform the best 
(the numbers indicate PCEs 
obtained with different positions 
of the SWNT layer)
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step, they replaced the ITO anode with r-GO layers and the metallic cathode with an 
n-type SWNT film to achieve an all-carbon OSC. However, PCEs were on the order 
of 0.1%. In 2014, Hersam and colleagues reported a National Renewable Energy 
Laboratory-certified PCE of 2.5% and a highest PCE of 3.1% using semiconducting 
SWNTs of various chiralities as the hole-transporting and light-harvesting materials 
(Table 1: report K) [45]. Compared with single-chirality semiconducting SWNTs, 
multi-chirality semiconducting SWNTs enabled a wider range of absorption from 
visible to near-infrared. Normal and inverted architectures were also fabricated and 
compared. An inverted architecture gave a higher efficiency owing to ZnO nanow-
ires (NWs) penetrating the active layer (Fig. 3).

1.3 � CNT as Charge Transporter and Others

Despite considerable research effort, the use of CNTs as a charge transporter did 
not yield a substantial leap in PCE without the use of dopants and the introduction 
of inorganic materials, such as quantum dots (QDs). Kim and co-workers addressed 
the intrinsic limitation imposed by the recombination effect and improved PCE by 
more than 30% through B and N doping (Table 1: report L) [46]. B- and N-doped 
CNTs functioned as effective charge-selective transport materials without a quench-
ing effect. The low work function of N-doped CNTs aligned well with the electron 
transport energy level, while the high work function of B-doped CNTs aligned well 
with the hole transport level. Kamat and colleagues studied the interaction between 
SWNTs and light-harvesting CdS [47, 48]. Since then, Raffaelle and colleagues 
[49] demonstrated the first incorporation of QDs into SWNT composites in 2005 
and colloidal QD-decorated N-doped CNTs were developed for synergistic charge 
separation and transport enhancement. Positively charged QDs could directly attach 
at N-doped sites of CNTs via electrostatic interactions. Such an ideal hybrid struc-
ture without an adhesive layer showed a synergistic effect, combining effective elec-
tron and hole separation. Efficiency soared, reaching 4.7–6.11% (Table 1: report M) 
when using indene-C60 bisadduct (ICBA) as the electron acceptor [50], and climbed 
to 7.5–8.6% upon further development using different organic photoactive materials 
(Table 1: report N) [51]. With QDs as an acceptor and doped CNTs as an efficient 

Fig. 3   Illustration of a an inverted solar cell where ZnO NW and SWNT:PC71BM were used and b the 
energy level diagram
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charge transporter, these studies demonstrate that work function-tunable chemi-
cally modified CNTs have the potential to improve charge separation, transport, and 
recombination in SWNT-based OSCs, which generally suffer from trapping and 
slow transport of charge carriers in their organic active layers and energy level mis-
match at interfaces.

Other approaches have been taken to apply SWNTs in the active layer. We 
reported the use of multilayered MoS2 on low-cost metallic/semiconducting 
SWNTs as the electron acceptor in a bulk heterojunction with P3HT in inverted 
OSCs (Fig. 4) [52]. MoS2 is an inorganic material that is intrinsically immiscible 
with organic compounds. However, we were able to disperse it in organic matrix 
by exploiting the tendency of SWNTs to intercalate with P3HT through π–π inter-
actions. The successful binding of MoS2 onto SWNT bundles and its photovoltaic 
effect was clearly evidenced by a PCE of 0.46% (Table 1: report O).

We have briefly reviewed the use of SWNTs as the light harvester or charge trans-
porter in the photoactive layer of solar cells. Chirality, chemical doping, and dis-
persibility in solution were crucial factors in achieving high performance. Various 
approaches have been introduced to improve SWNT applications and these findings 
expanded the possibilities of CNT technology in solar cells. Yet, this is still just the 
tip of the iceberg. Uniform blending of the electron-donating conjugated polymer 
and the electron-accepting CNT is one of the most challenging as well as crucial 
aspects in creating efficient photocurrent collection in CNT-based OSC devices. 
Therefore, research on using CNTs in the photoactive layer of OSC devices is still in 
the early stages and room remains for novel methods to take better advantage of the 
advantageous properties of CNTs.

2 � Single‑Walled Carbon Nanotubes as a Transparent Electrode in Solar 
Cells

Many types of solar cells have been developed over the years: silicon solar cells, 
followed by OSCs [53–55], and most recently perovskite solar cells (PSCs), 
which have emerged as a focus of research. A critical aspect common to these 
devices is their transparent electrode through which light travels before causing 

Fig. 4   Illustration of 
MoS2:SWNT:P3HT-based solar 
cells
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excitation in the active layer. Conventionally, ITO has been used as the transpar-
ent electrode, and is an essential component in almost all the devices discussed 
in the first section. The high conductivity and transmittance of ITO are unparal-
leled thus far. There have been many attempts to replace ITO because of its high 
cost and limited earth-abundance. Other downsides include its brittleness, which 
makes it unable to withstand cyclic flexibility tests without breaking. An addi-
tional drawback is ITO’s vulnerability to high temperature. Therefore, fluorine-
doped tin oxide (FTO), which can withstand higher temperatures than ITO, is 
sometimes used instead. Avoiding these limitations by using alternative transpar-
ent electrode materials has therefore been the subject of intense research for many 
years [56, 57]. The difficulty has been the finding an alternative electrode that 
is not only robust and cheap, but also optically transparent and electrically con-
ductive [58–60]. CNTs have good optical transparency over a broad range from 
the visible to the near-infrared as well as high electrical conductivity [61–64]. In 
addition to this, the outstanding mechanical resilience of CNTs not only exceeds 
that of ITO but also affords flexibility to solar cell devices. SWNTs are effective 
for hole collection because their work function is in the range 4.8–5.0 eV, which 
is higher than that of ITO (usually less than 4.8 eV) [64]. The cost of CNT fabri-
cation has also been reported to be the same or lower than that of ITO [65]. Good 
performance of sheet resistance versus optical transmittance can be obtained by 
metal based electrodes such as metal grid transparent electrode [66] or silver 
(Ag) nanowires [67]. Comprehensive review of transparent electrode for devices 
are available [68]. In Fig. 5, the sheet resistance versus optical transmittance at 
550  nm wavelength of the dry-deposited SWNT film [63] are compared with 
CVD graphene [69], DWNT [70], typical ITO, PET/ITO, FTO, and Ag nanowires 
[67]. Performance of SWNT film can be further enhanced by adequate doping 
[71]. In this section, we discuss the feasibility of SWNTs as a transparent flexible 
electrode in solar cells by reviewing applications reported to date.

Fig. 5   Sheet resistance vs. 
transmittance plot for various 
transparent conductors (Pristine 
SWNT [63], Doped SWNT 
[63], CVD graphene [69], CVD 
DWNT [70], ITO from Kura-
moto Co., Ltd., PET/ITO from 
Nitto Denko Co., Ltd., FTO 
from Nippon Sheet Glass Co., 
Ltd., and Ag nanowires [67])
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2.1 � Single‑Walled Carbon Nanotubes as a Transparent Electrode in Silicon 
Solar Cells

The high cost of silicon led scientists to look for alternative viable semiconductors. 
It was found that CNTs can serve as both photogeneration sites and the charge trans-
port layer. A semi-transparent CNT film next to an n-type crystalline silicon sub-
strate creates high-density p–n heterojunctions inducing charge separation in which 
electrons are extracted through n-Si and holes are extracted through CNTs. Although 
the mechanism is not fully understood, there are two prevailing theories. In the first 
theory, the CNT film is the p-type semiconductor material (Fig.  6a) [72–74] and 
silicon absorbs the photons dominantly as normal silicon solar cells [75]. Although 
CNT films can absorb photons, this is limited when the film is transparent to the 
passage of incident light. The photons generate excitons, and then the excitons are 
separated into free charge carriers by the built-in potential between the p-type CNT 
and n-type Si. The second theory is that a Schottky junction is formed when metal-
lic CNT is in contact with semiconductor Si, and typically it is believed that a thin 
insulator, SiO2, exists (Fig. 6b) [76, 77] again as normal silicon solar cells [78, 79]. 
Excitons are produced by silicon-absorbing photons and diffuse into SiO2 which is 
formed by the built-in potential of the Fermi level difference, and minority carri-
ers are transported by tunneling thorough the thin layer of SiO2. Taking the chiral-
ity of CNTs into account can further complicate the mechanism. Many individual 
nanotubes are present in a device, and each forms a heterojunction with the n-type 
silicon. As CNTs exhibit semiconducting or metallic behavior depending on their 
chirality, a p–n junction can be expected for the former and a Schottky junction for 
the latter.

The very first CNT-based silicon solar cell was reported by Jia et al., in which 
they used double-walled CNTs. The CNTs performed multiple functions, such as 
charge separation, charge transport, and charge collection [80]. In the same year, 

Fig. 6   Illustration of a the CNT film functioning as a p-type emitter material and b a Schottky junction 
is formed by an insulator, SiO2. (Work functions taken from references [72, 77])
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Biris and colleagues showed a PCE of 1.3% (Table 2: report A) using SWNTs [81]. 
They formed this SWNT film by spray-coating from a dimethylformamide suspen-
sion. They also tested post-treatment with SOCl2 for the first time, which led to 
mobility and carrier density being increased by more than 60% according to Hall 
effect measurements. In the following year, Biris and co-workers reported a PCE 
of 4.5% (Table 2: report B) [82]. Again, they used the same SOCl2 treatment, but 
transferred as-grown SWNTs onto silicon [83]. More detailed studies of acid doping 
were subsequently conducted. They identified SOCl2 as a p-type dopant that shifts 
the Fermi level of SWNTs below ν1, thus increasing the mobility and carrier density 
(Fig. 7a) [84]. This results in suppression of the S11 transition in the semiconducting 
SWNTs and stronger doping would suppress the S22 transition as well (Fig. 7b), as 
observed by near-infrared absorption spectroscopy. It is argued by some research-
ers that after the acid treatment, CNTs and silicon switched from acting as a p–n 
junction to acting as a Schottky junction, giving the CNTs more metallic charac-
ter. In other words, the mechanism acting in the interface network changed from 
variable range hopping to tunneling. The correlation between suppression of the 
transitions and CNT chirality was analyzed in greater detail by Levitsky and col-
leagues (Table 2: report C) [85]. They used the photocurrent with a high-resolution 
absorption spectrum to identify the S11 band at around 1100 nm, corresponding to 
the (7,6) and (8,6) chiralities of SWNTs. They also discovered that metallic SWNTs 
function as a light absorber in a Schottky junction, though their device showed a 
PCE of only 1.7%. In the same year, Rinzler and colleagues reported an impres-
sive PCE of 10.9% (Table  2: device D) [86]. The devices initially had a PCE of 
8.5%, but by using electrolyte junction control of gate potential, they controlled the 
Fermi level to strengthen the interface dipole at the electronic junction. Jia et al. fur-
ther improved PCE by treating SWNTs with dilute nitric acid (Table 2: device E) 
[87]. The HNO3 treatment increased FF greatly by reducing series resistance (RS) 
as a result of p doping lowering the Fermi level of the SWNTs. They also demon-
strated enhanced the doping effect by employing porous CNTs. According to them, 
the contact between CNTs and silicon was significantly improved through forma-
tion of a semiconductor/electrolyte interface by the exposed silicon surface in the 
empty areas without CNTs. They further demonstrated NaCl doping to show that 
any wet state of CNT doping works as an electrolyte bridge. Subsequently, encap-
sulating the active area with polydimethylsioxane (PDMS) further improved PCE 
and stability (Table 2: report F) [88]. They discussed that the improvement in PCE 
came from the anti-reflective function of the PDMS film and SiO2 layer increasing 
VOC by reducing charge recombination. Stability was improved by the PDMS pro-
tecting n-Si from oxidation. In a follow-up study, Rinzler and colleagues achieved a 
PCE of 12% using grid lines of SWNTs etched to cover only a fraction of the silicon 
surface (Table 2: report G) [89]. The addition of electrolyte immediately improved 
the device performance. The mechanism at play is said to be similar to that of nitric 
acid doping, where improvement in performance came partly from the accumula-
tion of NO3

− at the junction, which has electron-blocking functionality in addition 
to that of SiO2. Likewise, the surface dipole of the accumulated negative ions in 
the electrolyte is supposed to block electrons, preventing charge recombination 
[90]. Matsuda and colleagues reported a PCE of 2.4% by optimizing the thickness 
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of (6,5) SWNTs (Table 2: report H) [91]. Returning to acid doping, an even higher 
PCE greater than 11.2% was achieved by Taylor and colleagues via keeping the acid 
inside the void space of CNTs (Table 2: report I) [73]. They discussed the character-
istics of dark forward current density with varying temperature and found that tem-
perature-dependent current rectification originates from thermally activated band-
to-band transitions of carriers in silicon and that the SWNT thin films established a 
built-in potential for carrier separation/collection. In the same year, Taylor published 
another paper with a marginally improved PCE of 11.5%. A new super acid slide 
casting method was used for the CNT fabrication (Table 2: report J) [92]. A PCE of 
10.0% was also achieved by us using micro-honeycomb CNT network in silicon SCs 
(Table 2: report K) [93]. We reported vertically aligned SWNTs treated with water 
to form a honeycomb network on n-Si substrate. CNTs and graphene were combined 
with crystalline silicon wafers to fabricate silicon solar cells. Solar cells with direct 
graphene-to-silicon contact exhibited better characteristics than did those with CNT-
to-silicon contact, owing to improved junction quality and increased contact area. 
Using the composite films, the obtained SWNT/graphene/Si solar cells reached a 
PCE of 14.9% (Table 2: report L) [94]. A problem with wet acid doping is a high 
exciton quenching rate, but they resolved this issue by employing aligned CNTs, 
which shortened the transport distance. Moreover, the aligned CNTs were in better 
contact with the silicon as evidenced by an increase in JSC. Cui et  al. used pris-
tine aerosol SWNTs with long bundle lengths to fabricate SWNT/Si solar cells [95]. 
A PCE approaching 11% was achieved using a pristine SWNT without any chemi-
cal treatment (Table 2: report M). More importantly, the solar cells were stable for 

Fig. 7   a Density of states and v1 of an armchair SWNT, a zig-zag SWNT, and a chiral SWNT. b Density 
of states after p doping
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at least 10 months in air without any passivation. In fact, a slight increase in PCE 
was observed after storing in air, in contrast to previous results in the literature. Li 
et  al. [96] demonstrated an n-SWNT/p-Si photovoltaic system by tuning SWNTs 
from p-type to n-type through polyethylene imine functionalization. Recently, Mat-
suda and colleagues used metal oxide layers to prepare both p-SWNT/n-Si and 
n-SWNT/p-Si with significantly improved PCEs [97]. The metal oxides also serve 
as both an antireflective layer and an efficient carrier dopant, leading to reduced loss 
of incident solar light and increased photocurrent, respectively. As a consequence, 
the photovoltaic performance of both p-SWNT/n-Si and n-SWNT/p-Si heterojunc-
tion solar cells using MoOx and ZnO layers was improved, resulting in very high 
PCEs of 17.0 and 4.0%, respectively (Table 2: report N).

Since the early reports of a PCE around 1%, CNT/Si solar cells have seen rapid 
performance gains up to around 17%. However, the mechanism is still not clear, as 
the Schottky metal oxide junction theory established by Jia et al. contradicts the p–n 
junction theory of Ong et al. [85]. However, the Schottky metal oxide junction the-
ory seems to be more dominant for the time being. Although the polychirality of 
CNTs further obscures this issue, pure CNTs are becoming increasingly available, 
so we can anticipate a clearer understanding in the near future. Considering the dec-
ades of wide-ranging research into silicon solar cells, this is still a relatively small 
area of research and it is worthwhile to investigate these devices further. The appar-
ent ease with which high PCEs have been rapidly achieved by a limited number of 
research groups, is both exciting and sure to prompt further research.

2.2 � Single‑Walled Carbon Nanotubes as a Transparent Electrode in Organic 
Solar Cells

OSCs have received focused attention in recent academic research [98–100] due to 
OSCs providing flexibility and a lower cost that silicon solar cells cannot match. 
OSCs utilize conductive organic compounds as electron donors and electron-rich 
fullerene derivatives as electron acceptors [55, 101]. Owing to their high absorp-
tion coefficient, low cost, and mechanical flexibility, OSCs have been established 
as one of the important categories of solar cell research. Nevertheless, despite laud-
able achievements in recent years, OSCs are still faced with limitations including 
the fixed light absorption range of organic compounds, restricted hole mobility, and 
intrinsic instability [102]. Above all, the maximum PCEs of OSCs (ca. 10%) are lag-
ging behind those of silicon solar cells (ca. 20%).

Early on, many studies were conducted that used CNTs as a light harvester in 
OSCs, as discussed in the first section of this chapter [21]. Nowadays, however, 
CNTs in OSCs are typically not responsible for exciton generation upon light 
absorption. Instead, a more promising approach is to use CNTs on either side of 
the device as a charge-collecting transparent electrode. In this section, we focus 
mainly on the use of SWNTs as electrodes in OSCs. SWNTs have been used mostly 
as the anode. For example, Gruner and colleagues reported the use of SWNTs as a 
transparent anode and demonstrated efficient, flexible OSCs with a structure of poly-
ethylene terephthalate (PET)/SWNT/poly(3,4-ethylenedioxythiophene) (PEDOT)/
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P3HT:PCBM/Al. SWNTs were deposited using a filtration method, and PEDOT was 
used to coat the rough CNT surface and lower RS through its acidic nature function-
ing a weak dopant (Table 3: report A) [103]. The resulting flexible device showed a 
PCE of 2.5%, which was close to that of the ITO glass-based control device. Moreo-
ver, PET-based devices demonstrated outstanding flexibility, with good performance 
even at large bending angles, where the ITO-based devices cracked at a bending 
angle of 60° [104]. In another study, SWNTs were used as a transparent cathode, 
which requires a lower Fermi level (Table  3: report B) [105]. Chhowalla and co-
workers fabricated inverted OSCs with a configuration of PET/SWNT/ZnO NW/
P3HT/Au, which achieved a maximum PCE of 0.6%. The resulting OSCs showed 
good long-term stability, but the PCE was extremely low, presumably because of an 
intrinsic energy level mismatch and a lack of doping effect. Thus, researchers have 
focused on applying SWNTs. Franghiadakis and colleagues reported hybridization 
of PEDOT and SWNTs to replace both ITO and PEDOT as a hole-transporting elec-
trode (Table 3: report C) [106]. A PCE of 1.3% was achieved and the only drawback 
was low FF (0.4), which arose from high resistance between the polymer and SWNT 
film. Four years later, DeMello and colleagues investigated two SWNT film fabri-
cation methods: spin coating from dichloroethane solvent and spray coating from 
deionized water containing sodium dodecyl sulfate or sodium dodecyl benzene sul-
fonate as a surfactant (Table 3: report D) [107]. Films produced by both of the meth-
ods were mechanically robust. HNO3-treated SWNT films yielded sheet resistances 
of around 100   Ω sq−1 with an average transmittance of 90%. Spin-coated SWNT 
films provided better performance and a PCE of 2.3%. In the following year, Hersam 
and colleagues focused on reducing the roughness of SWNTs in order to increase 
performance via improved morphology (Table 3: report E) [108]. In addition, they 
investigated the change in PCE according to the ratio of metallic and semiconduct-
ing SWNTs, and found that a purely metallic (99.9% metallic) SWNT film gave the 
best performance as the transparent electrode. The device using a purely metallic 
SWNT film exhibited a PCE of 2.035%, in stark contrast to the value of 0.038% 
for the device using a purely semiconducting SWNT film. Zarbin and colleagues 
used interfacial synthesis of CNTs to produce a transparent conductive film for 
ITO-free OSCs (Table 3: report F) [109]. The interfacial synthesis produced a mix-
ture of SWNTs and MWNTs, and very high CNT loadings could be achieved using 
these films without a significant effect on transparency. Secondary polyaniline was 
used for doping to achieve a PCE of 2.27% in a flexible device. The PCE of SWNT-
based OSCs reached a new peak of 6.04% in 2015, when our laboratory reported 
OSCs based on aerosol-synthesized SWNTs (Table 3: report G; Figs. 8 and 9) [110]. 
Anaerobic thermal annealing of CNTs next to MoO3 increased their conductivity 
greatly [111]. This doping effect lasted much longer than that of HNO3 [112]. Using 
this approach, we thermally annealed an SWNT film sandwiched between MoO3 
layers at around 300 °C in nitrogen for longer than 2 h. The composition of MoO3 
changed to MoOx where x is between 2 and 3 (Fig.  10) [113]. The same SWNT 
films were used as the top electrode in an inverted structure, which was reported in 
Scientific Reports [114]. These semi-transparent OSCs with a top electrode consist-
ing of laminated transparent SWNTs are highly promising when used in tandem or 
power-generating windows (Table 3: report H; Fig. 11).
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From the results discussed above, we can see that SWNTs have shown tremen-
dous potential for use in OSCs. They can replace not only ITO but also metal elec-
trodes. Nevertheless, further study is needed, as these results do not completely 

Fig. 8   Current density–voltage curves of the devices from the report G

Fig. 9   Literature PCE values of SWNT-based OSCs as compared to the work presented in reference 
[110]
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equal the performance of ITO. We will discuss how to go about addressing this issue 
at the conclusion of this chapter.

2.3 � Single‑Walled Carbon Nanotubes as a Transparent Electrode in Perovskite 
Solar Cells

2.3.1 � DSSCs

To discuss PSCs, let us first review dye-sensitized solar cells (DSSCs). Due to their 
simple fabrication and high efficiency, DSSCs have attracted considerable interest 
from researchers around the world. Titanium dioxide nanoparticles have been widely 
used as the working electrode in DSSCs because they provide higher efficiency and 
more robustness than any other metal oxide semiconductor investigated [115].

Fig. 10   Schematic of the device from the report G

Fig. 11   Transparent OSCs for window application
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To search for an effective counter-electrode in DSSCs, Yanagida and co-
workers examined different kinds of carbon materials [116]. A PCE of 4.5% was 
obtained when SWNTs were used (Table 4: report A). This value was comparable 
to that of platinum-sputtered fluorine-doped tin oxide-based DSSCs. There had 
been several attempts at fabricating DSSCs using a carbon material as the coun-
ter-electrode, but this work was the first to produce a fair PCE [117]. Later, Kim 
and colleagues investigated the effects of acid treatment of SWNTs in a TiO2 film 
with the dyes anchored. Compared with an unmodified cell, DSSCs using acid-
treated SWNTs at the TiO2/electrolyte interface had significantly improved photo-
current–voltage characteristics [118]. The modified cell showed a 25% increase in 
JSC, which resulted from improved contact between the acid-treated SWNTs and 
the TiO2 particles and enhanced light scattering by TiO2 clusters. For dye-linked, 
acid-treated SWNTs anchored to the TiO2/electrolyte interface, VOC increased by 
around 0.1 V, mainly due to the basicity of the TiO2 surface from the NH groups 
of ethylenediamine moieties in the anchored dye linked to the SWNTs. Kamat 
and co-workers reported use of SWNTs not only as an electrode but also as a 
charge transporter [119]. SWNTs utilized as conducting scaffolds in TiO2-based 
DSSCs boosted PCE by a factor of 2 (Table 4: report B). Titanium dioxide nano-
particles were scattered on an SWNT film to improve photo-induced charge sepa-
ration and transport of carriers to the collecting electrode surface. An approxi-
mately 100-mV shift in the Fermi level of the SWNTs/TiO2 system compared 
with the pristine TiO2 indicated equilibration of the Fermi level between the two 
systems. The interplay between the TiO2 and SWNTs for achieving charge equi-
librium was an important factor in improving solar cell performance. Yoo and 
colleagues used the sol–gel method to prepare TiO2-coated MWNTs for use a 
DSSC electrode (Table 4: report C) [120]. CNTs coated with TiO2 achieved bet-
ter solar cell performance through a reduction in RS. Compared with the conven-
tional device, the TiO2-CNT (0.1 wt%) cell showed a ~ 50% increase in PCE from 
3.32 to 4.97%, which is attributed to the increase in JSC due to improved intercon-
nectivity between the TiO2 particles and the TiO2-CNTs in the porous TiO2 film.

Table 4   Photovoltaic data of representative SWNT-DSSCs and SWNT-PSCs from literature

Structure or research impact PCE (%)

A Membrane filter/SWNT/electrolyte/reflection layer/TiO2/dye/FTO 4.5
B TiO2 particles were scattered on SWNTs to improve charge separation and transport 0.6
C DSSCs using the sol–gel method to obtain TiO2-coated MWNTs 4.97
D SWNT/PEDOT/CH3NH3PbI3/PCBM/Al 6.32
E FTO/TiO2/mesoporous TiO2/CH3NH3PbI3/SWNT/spiro-MeOTAD 9.90
F FTO/TiO2/mesoporous TiO2/(FAPbI3)3−x(MAPbBr3)x/SWNT/spiro-MeOTAD 15.5
G FTO/TiO2/Al2O3/CH3NH3PbIxCl3−x/P3HT/SWNT/PMMA/Ag 15.3
H SWNT/MoO3/PEDOT/CH3NH3PbI3/C60/BCP/Al 12.8
J SWNT/P3HT/CH3NH3PbI3/PCBM/SWNT 7.32
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2.3.2 � PSCs

The emergence of organic/inorganic halide PSCs, which have PCEs of approxi-
mately 20%, has caused a paradigm shift from DSSCs to PSCs (Fig. 12) [121, 122], 
just within the 5 years that PSCs have been at the forefront of photovoltaics research. 
This entailed some of the researchers from the OSC field to join the PSC research. 
Initially there was a confusion in coinage of the PSC structural types as to which 
is “normal” and which is “inverted”. A broad range of fabrication approaches and 
device concepts are being constantly developed and this diversity suggests that per-
formance is still far from being fully optimized [123].

The first application of an SWNT film as an ITO replacement in PSCs was dem-
onstrated by our laboratory in 2015 [124]. Specifically, we examined the use of 
SWNTs subjected to acid treatment, wettability control, and MoOx doping. Diverse 
methods were employed to overcome the hydrophobicity of SWNTs and doping 
issues in solar cell devices, including modification of the wettability of PEDOT, 
MoO3 thermal doping, and HNO3 (aq) doping with various dilutions from 15 to 
70% (v/v) to minimize the instability and toxicity of the SWNTs. We discovered 
that isopropanol-modified PEDOT worked better than surfactant-modified PEDOT 
as an electron-blocking layer on SWNTs in PSCs because of superior wettability, 
whereas MoO3 was incompatible due to energy level mismatch. A diluted HNO3 
(35% v/v)-doped SWNT-based device produced the highest PCE of 6.32% among 
the SWNT-based PSCs tested—70% of the PCE of an ITO-based device (9.05%). 
Furthermore, a flexible cell was prepared using a PET film and a PCE of 5.38% 
was realized (Table 4: report D; Fig. 13). By inverting the structure, the SWNT film 
could be deposited from above to replace the metal electrode. Mhaisalkar and co-
workers reported transparent PSCs made by laminating aerosol-synthesized SWNT 

Fig. 12   Certified solar cell PCE charts of all types of solar cells. We can see the PCEs of PSCs in 
orange (http​s://www.nrel​.gov/pv)
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films onto a CH3NH3PbI3 layer, with the SWNT films functioning as both a hole 
collector and electrode [125]. This enabled metal deposition, an energy-consuming 
vacuum process, to be bypassed. In the absence of an organic hole-transporting 
material and metal contact, CH3NH3PbI3 and CNTs formed a solar cell with an effi-
ciency up to 6.87% (Table  4: report E). The CH3NH3PbI3/CNTs solar cells were 
semi-transparent and produced photovoltaic output under dual-side illumination 
because of the transparency of the CNT electrode. Interfacial charge transfer in solar 
cells was investigated through photoluminescence and impedance measurements. 
The flexible and transparent CNT network film showed great potential for realiz-
ing flexible and semitransparent PSCs. With the addition of 2,2,7,7-tetrakis(N,N-
di-p-methoxyphenylamine)-9,90-spirobifluorene (spiro-MeOTAD) to the CNT net-
work, PCE improved from 6.87 to 9.90% as a result of enhanced hole extraction and 
reduced charge recombination. A similar approach was demonstrated by Wong and 
colleauges [126]. Ti foil-TiO2 nanotubes with an organic-inorganic halide perovs-
kite absorber and transparent CNTs was adopted in PSC fabrication. Ti foil-TiO2 
nanotubes were formed by one-step anodization. The composition served as a depo-
sition scaffold and electron conductor for the perovskite absorber. Later, a transpar-
ent conductive CNT film was laminated on top of perovskite and served as a hole 
transporter as well as a transparent electrode for light illumination. A PCE of 8.31% 
was achieved, which is the highest among TiO2 nanotube-based flexible solar cells. 
These kinds of PSCs, in which CNTs were used to replace the top metal electrode, 
reached their current peak in a study by Boschloo and co-workers [127]. They dem-
onstrated highly efficient PSCs with a hybrid hole-transporting counter-electrode 
based on aerosol-synthesized SWNT films and drop-cast spiro-MeOTAD. An aver-
age PCE of 13.6% with a maximum of 15.5% was recorded, while the reference 
solar cell with spiro-MeOTAD and a gold electrode showed an average of 17.7% 
(Table  4: report F). The results revealed the feasibility of high-efficiency PSCs 
with carbon-based hole-transporting materials. The SWNTs function not only as a 
charge conductor or transporter, but also as an encapsulating layer that protects the 
device from water infiltration. The stability of PSCs using SWNTs was addressed 
by Snaith and colleagues (Table 4: report G) [128]. They demonstrated a method for 

Fig. 13   Flexible SWNT-PSC structure (right) and its picture (left)
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mitigating thermal degradation by replacing the organic hole-transporting material 
with polymer-functionalized SWNTs as in an insulating polymer matrix. With this 
sort of composite structure, a PCE of 15.3% was accomplished, along with strong 
retardation of thermal degradation and good resistance to water infiltration. Going 
back to the bottom transparent electrode, our group compared SWNT with graphene 
in the viewpoint of photovoltaic and mechanical performance (Table 4: report H) 
[129]. With the demonstration of a 12.8% PCE, we discovered that using graphene 
electrode as the bottom electrode results in slightly higher photovoltaic performance 
than that of SWNTs, yet SWNTs had the upper hand in terms of mechanical resil-
ience and reproducibility. The use of a SWNT electrode expanded to replacing both 
the metal and transparent metal oxide conductor. As shown in Fig.  14, a flexible 
PSC using SWNTs both as cathode and as anode was recently demonstrated by our 
group [130]. Although the achieved efficiency was 7.32%, a possibility of roll-to-
product processability was demonstrated.

Up to this point, We have looked at the applications of SWNTs in solar cells. 
There is no doubt that the excellent properties of SWNTs make them promising can-
didates for incorporation into future low-cost, multifunctional photovoltaic devices. 
Their application initially started as the photoactive materials in solar cells due to 
their semiconducting properties. However, difficulties in purification slowed the pro-
gress. In silicon solar cells, SWNTs began to be used as both electrode and photo-
active materials, boosting their potential as a solar cell component. With the emer-
gence of thin-film solar cells, namely OSCs and PSCs, the number of reports on 
application of SWNTs increased rapidly as they could replace ITO, generating flex-
ible and low-cost photovoltaics. There have been intermittent reports on their usage 
as photovoltaic materials; again, the progress was limited by the challenging nature 
of the separation of the semiconducting SWNTs. Overall, many challenges still 
remain. Below, we outline five key points that are crucial for further improvement:

1.	 Conductivity and transparency: The performance of photovoltaic devices is 
strongly dependent on CNT properties. The sheet resistance and transparency 

Fig. 14   Flexible PSC using 
SWNTs both as cathode and 
as anode. structure (left) and 
its picture (right). (Table 4: 
report J)
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of CNTs are not yet comparable to those of ITO, which has sheet resistance of 
around 5 Ω sq−1 and a transparency of more than 90%. Therefore, it is imperative 
that more stable and effect dopants be investigated.

2.	 Fermi level: To achieve high performance, especially as the cathode in OSCs, 
CNT electrodes must have a proper Fermi level to minimize energy barriers for 
charge transfer. Normally, carbon materials have a Fermi level of 4.5–5 eV, simi-
lar to that of an ITO film with a work function of 4.6–4.8 eV. The Fermi level can 
be tuned for various electrode uses [121–133]. Materials like PEDOT are com-
monly used to increase the Fermi level for charge injection at the anode, whereas 
materials like Cs2CO3 are used to reduce the Fermi level for electron collection 
at the cathode.

3.	 Wettability: CNTs are hydrophobic, so either they need to be made of hydrophilic 
or the materials being deposited on top need to be hydrophobic. Even better would 
be deposition of the material by a method that is independent of the wettability, 
such as thermal evaporation. Many chemical treatments to increase hydrophilicity 
decrease conductivity by introducing oxygen-containing groups or defects. Thus, 
other methods are needed that do not undermine the properties of CNTs while 
improving the wettability.

4.	 Surface roughness: A rough surface of CNTs creates shunt pathways within the 
device, which results in reduced performance. The reproducibility of SWNT-
based OSCs mainly hinges on their surface roughness. Therefore, much more 
attention should be paid to keeping the surface smooth and clean during the 
fabrication and processing of SWCNTs.

5.	 Encapsulation: Device stability under ambient conditions is a crucial issue for 
practical applications, especially for OSCs and PSCs. The photoactive materi-
als of these types of cells are rather unstable in air, and the barrier properties of 
plastic encapsulation are simply not good enough. Therefore, it is necessary to 
develop a flexible barrier that can passivate the device effectively. CNTs have 
shown some promise in this regard, yet not much research has been conducted. 
Further study will help open a path to more industrially viable CNT-based solar 
cells.
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Abstract Recent decades have witnessed many breakthroughs in research on car-

bon nanotubes (CNTs), particularly regarding controllable synthesis, production

scale-up, and application advances for this material. This sp2-bonded nanocarbon

uniquely combines extreme mechanical strength, exceptionally high electrical

conductivity, as well as many other superior properties, making it highly attractive

for fundamental research and industrial applications. Synthesis and mass production

form the solid basis for high-volume applications of CNTs. During recent decades,

CNT production capacity has reached more than thousands of tons per year, greatly

decreasing the price of CNTs. Although the unique physiochemical properties of an

individual CNT are stated repeatedly, manifestation of such unique properties in a

macroscopic material, e.g., realization of high-strength CNT fibers, remains a great

challenge. If such challenges are solved, many critical applications will be enabled.

Herein we review the critical progress in the development of synthesis and scaled-

up production methods for CNTs, and discuss advances in their applications. Sci-

entific problems and technological challenges are discussed together.
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1 Introduction

Since being reported in 1991 by Sumio Iijima [1], carbon nanotubes (CNTs) have

attracted great attention from researchers and industry. CNTs can be classified into

single-walled CNTs (SWNTs), double-walled CNTs (DWNTs), and multiwalled

CNTs (MWNTs) based on the number of graphitic layers. They are composed of

sp2-bonded carbon atoms assembled into a cylindrical tube with length ranging from

less than 100 nm to several centimeters. The diameter of SWNTs is typically

0.4–2 nm, while the diameter of MWNTs ranges from *1.4 nm to nearly 100 nm,

depending on the synthesis conditions.

CNTs are well known for their unique physicochemical properties, including

extremely high tensile strength, high electrical conductivity, high ductility, and

relative chemical inactivity. All these properties make CNT-based products

attractive. Moreover, due to their low dimensionality, CNTs are also favored for

use in nanocomposite engineering. In this context, CNTs open a new avenue in

materials science and nanotechnology [2]. CNTs can be found in a wide range of

applications, e.g., in electronics, polymer composites, energy storage materials,

catalysis, gas storage materials, and sensors.

Since its discovery, there have been thousands of publications and patents aiming

to explore the synthesis and applications of this material, and encouraging progress

has been made by academic researchers and industry. Mass production of CNTs has

become possible, offering more than thousands of tons of CNTs per year worldwide.

In fact, production capacity could reach much higher than this if high-volume

applications of CNTs could be found. Along with improved mass production, the

cost of CNTs has been greatly reduced. The price of MWNTs has reached below

US $100 kg-1 and that of SWNTs below US $2000 kg-1 in recent years [3].

A wide range of applications for CNTs have been reported in literature [4–6].

Rather than a detailed survey on CNTs, herein we pay more attention to the critical

progress in terms of production scale-up and high-volume applications of CNTs, as

well as technological challenges. We start with controllable synthesis of CNTs and

scale-up techniques, then posttreatments such as purification, dispersion, and doping

are also briefly introduced, since they are important for the following applications.

Then, recent advances in critical applications, including macroscopic assembly of

CNTs, composite materials, energy storage, catalysis materials, and environmental

applications, are reviewed and analyzed. We hope this review will offer readers

valuable opinions on advances in terms of CNT production and practical applications.

2 Synthesis and Production Scale-Up

2.1 Basic Principles of CNT Synthesis

For the wide range of applications of CNTs, synthesis and mass production with

controlled structures is the first and critical step. Before the well-known report of

CNTs in 1991 by Iijima, Endo reported synthesis of ‘‘vapor-grown carbon fiber,’’
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which actually contained MWNTs with diameter of tens of nanometers [7]. During

development in recent years, a number of laboratory and scaled-up synthesis

methods for CNTs have been reported, e.g., arc discharge, laser ablation, chemical

vapor deposition (CVD), gas-phase pyrolysis, template methods, etc. [8], among

which the CVD route has become dominant for mass production of CNTs. In

particular, fluidized bed reactor-based CVD can produce CNTs with capacity of

thousands of tons per year worldwide.

Before scale-up of CNT synthesis, their growth mechanism was widely studied in

recent years. In a typical CVD process, hydrocarbon gas (e.g., methane, CH4) is

cracked into carbon atoms and hydrogen atoms on transition-metal (e.g., iron)

catalysts. During growth, the catalyst nanoparticles can either sit on top of the CNTs

(Fig. 1a) or remain at their base (Fig. 1b) [9], depending on the competition between

the gas flow and the interactions between catalyst and substrate. It is widely believed

that the catalyst size plays a key role in the formation of SWNTs or MWNTs. A small

and narrow catalyst size of around a fewnanometers (nm) favors formation of SWNTs,

while MWNTs are more likely to form for catalyst size above 10 nm [9].

2.2 Synthesis of SWNTs

Based on the understanding of the CVD process, synthesis of SWNTs can be tuned

with preferential control. The selectivity of metallic or semiconducting SWNTs can

Fig. 1 Growth mechanisms for CNTs: a tip-growth mechanism and b base-growth mechanism Modified
from Ref. [8], Royal Society of Chemistry, copyright 2015
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reach 90–95% at optimized conditions [10, 11]. However, synthesis of SWNTs with

controlled structure still faces challenges. Understanding of catalyst composition

and growth conditions for SWNTs therefore remains an important theme. Recently,

Li and coworkers proposed use of high-melting-point alloys as catalysts for

controlled growth of SWNTs [12]. Due to their high melting point, such alloy

catalyst nanoparticles remain in solid state, ensuring crystalline structure during

CVD growth. As a result, the selectivity of metallic SWNTs has reached more than

99%.

Regarding macroscopic SWNT structures, Maruyama’s group provided a

breakthrough in synthesis of SWNT arrays [13] by uniformly depositing a dense

layer of metal catalyst on a quartz plate to achieve vertical growth of SWNT arrays

using alcohol as carbon source. Thereafter, a trace amount of water is introduced as

a weak oxidant in the CNT growth process, strongly promoting the growth rate by

maintaining the activity of the catalyst [14, 15]. Some other strategies for higher-

quality SWNT arrays have also been studied, including feedstock optimization [16]

among others. At present, scale-up techniques for reduced cost of SWNTs are

required for their large-scale application. A high-pressure CO disproportionation

(HiPco) process is one successful development to meet increasing demands for

SWNTs [17]. CVD processes using a supported catalyst, e.g., the CoMoCAT� -

process, which uses a fluidized bed reactor, also offer an effective approach to

manufacture larger quantities of SWNTs [18]. The supported catalyst approach also

offers the unique ability to provide a substantial degree of chirality control during

synthesis.

2.3 Synthesis of MWNTs

In synthesis of CNTs, one important theme is growth of defect-free long CNTs.

Wei’s group pioneered growth of superlong defect-free CNTs [19, 20]. In this

synthesis method, the catalyst nanoparticle is at the floating end of the CNT and

keeps moving forward with its growth (Fig. 2a). By tuning the growth conditions to

promote the activity of the iron catalyst nanoparticles, CNTs can grow up to 55 cm

long (Fig. 2b). Raman and transmission electron microscopy (TEM) (Fig. 2c)

characterization confirmed the perfect structure of such CNTs. The tensile strength

of this kind of CNTs reaches *140 GPa at strain of *15% (Fig. 2d), which is

nearly the theoretical value for MWNTs. Also, such defect-free CNTs were found to

show superlubricity phenomena [21].

For vertically aligned MWNT arrays, one important method is to deposit catalyst

nanoparticles on specially treated substrates (e.g., silicon wafer), which are then

placed in a horizontal furnace [22]. Generally, a dense catalyst on the substrates is

important for formation of CNT arrays. Such arrays represent an important platform

material for subsequent CNT assembly, especially CNT fibers and films [23].

On the other hand, for large-scale and continuous production of aligned CNT

arrays, millimeter-diameter spheres have been used as growth substrates by Wei’s

group [24], a method further developed by Noda’s group by using ceramic beads in

a fluidized bed reactor [25] and Bai’s group by using alumina particles [26]. In most

cases, the operation temperature of the CVD process ranges from 500 to 1200 �C.
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The catalyst nanoparticles may easily aggregated if they are not well controlled.

Wei’s group developed use of layered vermiculite to stabilize the catalyst

nanoparticles (Fig. 3a) [27]. Vertically aligned MWNTs approaching tens of

microns can be produced in such vermiculite flakes (Fig. 3b). Moreover, layered

double hydroxides (LDHs) have been developed as a catalyst for CNT growth [28].

As shown in Fig. 3c, d, calcination and reduction of LDHs give rise to

corresponding metal oxides or metal nanoparticles with good dispersion [29]. At

controlled conditions, S/DWCNTs are grown on both sides of FeMgAl LDHs

(Fig. 3e) [30]. Moreover, the density of these catalyst nanoparticles can be tuned

from 1014 to 1016 m-2. When the catalyst nanoparticles are distributed on the flakes

at high density, CNT arrays rather than randomly entangled nanotubes can be grown

(Fig. 3f, g) [29].

Fig. 2 a Tip growth of ultralong CNTs. The catalyst nanoparticle is at the floating end of the CNT and
keeps moving forward with its growth in the synthesis process. b Mosaic scanning electron microscopy
(SEM) images of as-grown ultralong CNTs with length approaching 55 cm. c Raman spectrum and
transmission electron microscopy (TEM) morphology (inset) of as-grown CNT, displaying no D-band
peak. d Mechanical properties of as-grown CNTs Reprinted from Ref. [20]. Permitted by American
Chemical Society, copyright 2013
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2.4 Production Scale-Up of CNTs Using Fluidized-Bed CVD

CNTs are typically synthesized in a fixed horizontal furnace. For large-scale

production, fluidized-bed CVD has been developed as an important technique for

production of CNT powder worldwide, considering its advantages of uniform mass

and heat transfer, sufficient growth space, and continuous operation [3, 31]. As

shown in Fig. 4, this process operates with an input gas to achieve fluidization of

catalyst particles. Although it is difficult to fluidize individual CNTs in such a

reactor, the strong interactions between CNTs lead to formation of large-size

aggregates in the gas, which can then be fluidized [32]. The growth ratio can reach

more than 40-fold, resulting in product purity above 98%. Aligned CNTs can also

be produced using fluidized CVD by tuning the catalyst structure; For example,

Fig. 3 a Formation of hybrid composites by intercalating vertically aligned CNT films into layered
inorganic compounds. b Morphology of vermiculite–CNT composite after intercalation. Reprinted from
Ref. [27]. Copyright 2009, Wiley–VCH, Weilheim, Germany. c Concept of chemical precursor-mediated
catalyst synthesis. dMorphology of Fe NPs distributed on reduced Fe/Mg/Al layered double oxide (LDO)
flake. Reproduced from Ref. [29], Copyright 2010, American Chemical Society. e Agglomerated
S/DWCNTs grown on LDO with low catalyst density. Reproduced from Ref. [30], Copyright 2010,
Wiley–VCH, Weilheim, Germany. f SEM and g TEM image of SWNT arrays grown on LDH with high
catalyst density Reproduced from Ref. [29]
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CNT arrays can be grown among the layers of vermiculite in a fluidized bed reactor

[33]. By using LDHs as catalyst, SWNTs can be prepared in a fluidized bed reactor

[34]. After further purification, the purity of such SWNTs can reach 99.5 wt%,

offering high-quantity material for high-end applications [35]. This method can

offer SWNT capacity of 1000 kg per year with price lower than US $2000 kg-1.

Note that scientific research and production scale-up of CNTs has also promoted

development of other nanocarbons [36], such as graphene (G). The combination of

CNTs and graphene may extend the applications of both [37–42]. As shown in

Fig. 5a, by incorporating the catalysts of CNT and graphene together, SWNT/G

hybrids or composites can be prepared based on catalytic growth on LDHs [37]. The

morphology of the resulting structure (Fig. 5b, c) reveals a robust connection

between the SWNTs and graphene, facilitating construction of a high-electrical-

conductivity nanocarbon architecture. Moreover, catalyst residuals can be removed

using a CO2-oxidation-assisted purification method (Fig. 5d), leading to high carbon

purity of 98.4 wt% [43]. Such nanocarbon architectures can combine high

conductivity and high surface area, with important applications in energy storage

and electrocatalysis [37, 38].

3 Postprocessing of CNTs

3.1 CNT Purification and Dispersion

As discussed in ‘‘Synthesis of MWNTs’’ section, many as-produced MWNT

materials are aggregated powders with a certain content of impurities and catalyst

residue. For SWNTs, the problem of impurities is more serious. In some

Fig. 4 a Scheme of typical fluidized-bed reactor system: a cylindrical fluidized-bed reactor is fixed
inside a furnace with appropriate temperature, pressure, and gas flow controls. b A factory fluidized-bed
reactor for producing CNT powder (images courtesy of Cnano Ltd.)
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applications, such as polymer composites, the problem of impurities and catalyst

residues may be less critical; for example, MWNT powders with catalyst residues

can still be directly mixed with polymer matrix [44]. Nevertheless, in most cases,

catalyst residues and impurities must be removed, and CNT aggregates need to be

dispersed before use. Therefore, purification and dispersion are important steps

before CNT application. It is necessary to develop cost-effective and reliable

processes for dispersion of CNTs for various applications.

As is well known, for CNT powders, the strong p–p interactions between CNTs

and their structural entanglement make them difficult to disperse for applications.

One direct method to disperse MWNTs is through mechanical treatment such as

high-energy sand milling, high-speed liquid-phase shearing, etc. in industrial units.

The solvent is typically nonaqueous. Aqueous solutions with a certain surfactant can

also be used. Figure 6a shows that MWNTs made from fluidized-bed CVD can be

uniformly dispersed into N-methyl-2-pyrrolidone by high-speed liquid-phase

shearing. The dispersed CNTs easily form network structures due to their

maintained lengths (Fig. 6b). Currently, manufacturers can produce MWNT

dispersion, slurry, or paste, which may find a broad range of applications, e.g., in

lithium (Li)-ion batteries, supercapacitors, printed electronics, electromagnetic

shielding, coating materials, heat dissipation, etc. The largest application in China is

as a conductive additive on the cathode side of Li-ion batteries to replace conductive

Fig. 5 a Schematic illustration of catalytic CVD of G/SWNT hybrids on LDH flakes. b SEM and c TEM
images of as-fabricated G/SWNT hybrids. Reprinted from Ref. [37]. American Chemical Society,
copyright 2012. d G/SWNT hybrids after removal of residual impurities Reprinted from Ref. [43].
Elsevier, copyright 2013
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carbon black for increased conductivity as well as cyclability. More than 10,000 t/a

of CNT slurry have been used in Li-ion batteries for electric vehicles (EVs) and

smartphones in China. It should be pointed out that high-energy mechanical

treatments may destroy the structure of CNTs and decrease their length, thereby

compromising their properties [45]. Also, the toxicity of the organic solvents used

should be considered in manufacturing.

Alternatively, surface modifications, including noncovalent or covalent treat-

ments, have been intensively investigated throughout the development of CNTs;

progress in this regard has been summarized in many literature reports [46, 47].

Such strategies are still widely used for CNT treatments and applications. We only

briefly introduce them here.

To preserve the structure and properties of CNTs, noncovalent treatment has

been applied by adding a guest molecule for interfacial interaction. Typically,

aromatic molecules can be appended to outer surfaces of CNTs by p–p interactions

[48]. Groups emanating from these molecules interact with the surrounding solvent

or matrix, making CNTs easier to disperse in a solvent or polymer matrix. Also, a

certain structured polymer can be wrapped around CNTs via noncovalent

interactions. This strategy has been utilized to harvest ultrahigh-purity SWNTs

[49, 50], since separation of semiconducting and metallic SWNTs is challenging

[51].

On the other hand, chemical modifications are also used to treat CNTs. Surface

treatments of CNTs by acid oxidation seem to be a direct and powerful method [52]

that can introduce carboxyl, hydroxyl, and ketone groups onto their surface. After

such treatment, CNTs are much easier to disperse in solvents. In addition, CNTs can

be grafted with other functional groups on their surface for various applications

[53]. Unfortunately, chemical modifications create defects in the CNT structure,

which may lower the electrical conductivity or compromise the mechanical

properties to a certain degree.

Fig. 6 a MWNTs dispersed in N-methyl-2-pyrrolidone at concentration of 1.0 mg mL-1 by high-speed
liquid-phase shearing, displaying excellent dispersion. b Network structure of dispersed CNTs under
TEM observation

Top Curr Chem (Z) (2017) 375:18

123307Reprinted from the journal



3.2 Heteroatom Doping

Introduction of heteroatoms into the carbon framework (Fig. 7a) of CNTs has been

used to tailor the electronic and interfacial properties of this material. Figure 7b

shows the most widely used elements for doping into the carbon skeleton. Boron

(B), nitrogen (N), phosphorus (P), oxygen (O), sulfur (S), etc. have been solely or

jointly utilized to dope CNTs and tune their structural properties [54–57].

Heteroatom doping strategies greatly change the properties of CNTs, extending

their potential applications.

To date, much progress on heteroatom doping of CNTs has been made. The

methods can mostly be categorized into in situ and posttreatment approaches. As

their name implies, in situ approaches rely on introduction of heteroatom sources

during the CNT synthesis process [58]. Posttreatment methods including wet

chemical methods, thermal annealing of CNTs with heteroatom precursors, and

plasma approaches have been developed in literature [59]. Precisely controlled

heteroatom doping techniques are currently being developed for applications.

Fig. 7 a Doping of CNTs by introducing heteroatoms into the carbon framework. b Elements reported to
be suitable for heteroatom doping of CNTs, mainly including B, N, P, O, S, etc. Contact angles of CNTs
c before and d after S doping Reprinted from Ref. [62]. Elsevier, copyright 2015
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It is well known that pristine CNTs are quite chemically inert. Introduction of

heteroatoms tailors the physicochemical properties of CNTs, which can result in

catalyst activity; For example, N-doped CNTs can be used as electrode materials for

fuel cells, with performance comparable to that of current platinum (Pt)-based

catalyst [60, 61]. Theoretical and experimental investigations are being combined

for more targeted doping of CNTs to achieve higher activity.

Additionally, CNTs display highly hydrophobic properties. Doping strategies

may change this. Heteroatom doping enables CNTs to be much more easily

dispersed, which is important for polymer composite and energy storage applica-

tions; For example, S-doped CNTs can be obtained by thermal annealing of pristine

CNTs with sulfur compounds. Due to the sulfur doping, the contact angle of the

CNTs is greatly reduced compared with pristine CNTs (Fig. 7c, d), suggesting

effective modification of the CNT surfaces. The obtained S-doped CNTs can be

stably dispersed in water [62]. When used in battery electrodes, higher capacity and

rate performance can be achieved due to the improved dispersion due to

construction of conductive networks.

4 Application Advances

4.1 Macroscopic Assemblies and Their Applications

The unique properties of CNTs have been measured for individual nanotubes. An

important theme is to produce large-scale CNT architectures which also offer such

properties [63, 64], although this still remains a big challenge. Generally,

macroscopic CNT architectures can be fabricated by direct growth methods or by

postprocessing of dispersed CNTs.

CNT arrays made by CVD are typical assemblies where CNTs are aligned on the

substrate [23]. Many groups have reported synthesis of such structured CNTs for

various applications. CNT films can be made by spinning aligned CNT arrays

(Fig. 8a). Also, the CNT arrays can be continuously spun into macroscopic fibers

(Fig. 8b). CNT films are believed to represent an alternative to indium tin oxide,

since CNTs can make flexible displays [65]. Based on the CVD technique, Xie’s

group prepared nonwoven SWNT films (Fig. 8c, d) [66]. The SWNTs created

Y-type junctions during synthesis, leading to the formation of a network structure.

This unique structure can be easily handled for further study and use, e.g., in tough

polymer composites [67], electrodes for flexible supercapacitors [68], etc. Recently,

Kauppinen et al. developed an aerosol CVD method for fabrication of highly

conductive and transparent free-standing SWNT films, where the products can be

directly and continuously collected [69, 70]. For reduced formation of SWNT

bundles, a spark generator-based floating catalyst CVD method was developed to

produce nonbundled, small-diameter single-walled carbon nanotubes by feeding

catalyst nanoparticles into a laminar flow chemical vapor deposition reactor

[71, 72]. The resulting films exhibited outstanding properties that are desirable for

touch panels, etc.
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In terms of mechanical properties, most CNT fibers are reported to show tensile

strength of 0.2–8.8 GPa [73]. To date, this strength value is still not competitive

with that of traditional carbon fibers for actual applications. The critical factors

affecting this need to be investigated. Commonly, condensation and alignment of

CNTs, as well as interface engineering between CNTs, are important to increase the

fiber strength. Recently, Wang’s group continuously produced CNT macroscopic

assemblies in the form of a hollow cylinder based on a floating catalyst approach

(Fig. 9a) [74]. The hollow cylinder assembly was aligned, condensed, and deposited

on a winding drum to form a CNT film (Fig. 9b). The prepared film displayed

Fig. 8 a Drawing of a transparent conducting film of 8-inch superaligned CNT arrays (inset SEM
structure). b Schematic illustration of process from superaligned CNT array to films and then shrunk
yarns. Reprinted from Ref. [23]. Copyright 2011, Wiley–VCH, Weilheim, Germany. c As-grown
250-nm-thick SWNT film. d SEM image of SWNT network in a single layer; white arrows indicate
Y-type junctions and flow direction Reprinted from Ref. [66]. American Chemical Society, copyright
2007
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tensile strength of 9.6 GPa (Fig. 9c, d), well above that of all other manmade films

or fibers.

CNT foams/sponges with interconnected network structure can also be produced

by the CVD method [75]. In this case, CNTs are randomly distributed in the sponge,

rather than having aligned morphology. Such foams/sponges have been explored for

energy and environmental applications. Moreover, Hata and coworkers developed a

viscoelastic material from CNTs that is similar to silicone rubber, but maintains

temperature-invariant viscoelasticity from -196 to 1000 �C in an oxygen-free

environment [76]. This CNT material could find applications in extremely hot or

cold environments.

On the other hand, stable CNT dispersions can be obtained based on gradually

maturing dispersion techniques. As a one-dimensional nanocarbon material, CNT is

attractive for engineering of large-scale architectures, including fibers, films, and

aerogels/foams [63]. Similar to the important process used to produce industrial

fibers, wet spinning of dispersions has enabled fabrication of SWNT and MWNT

fibers [77–79]; For example, SWNTs dissolved in chlorosulfonic acid at weight

concentrations of 0.5 wt% could be readily processed into macroscopic fibers or

sheets to obtain functional materials [77]. Such functional fibers have conductivity

comparable to copper wire but 1/8 of the density and several times the strength,

enabling important engineering applications in the aerospace industry. In addition,

three-dimensional aerogels/foams can be assembled from dispersed CNTs, showing

highly porous structure. The high aspect ratio and strong interactions between CNTs

are important for such porous structures. Gao’s group described that CNTs can be

Fig. 9 a Schematic illustration of fabrication of CNT film. Reaction solution is sprayed into a tube
reactor and pyrolyzed to form a hollow CNT cylinder, which is then condensed and deposited on a
winding drum. b Film removed from the substrate. c Stress versus strain curves, showing averaged tensile
strength of 9.6 GPa. d Fracture surface visualized under SEM, displaying the aligned structure Reprinted
from Ref. [74]. American Chemical Society, copyright 2016
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used as ‘‘ribs’’ to reinforce the framework of CNT/G aerogel [80]. The porous

structure has porosity above 99.9%, yet structural flexibility and robustness.

4.2 Composite Materials

The elastic modulus of an individual MWNT is measured to approach 1 TPa, while

the tensile strength exceeds 100 GPa [81]. This strength is over tenfold higher than

any other fiber, even the well-known carbon fibers. Considering this high strength, it

is believed that CNTs can be incorporated into another matrix for enhanced

mechanical properties, including strength, toughness, and stiffness. Such polymer

composites have been successfully prepared by adding CNTs and indeed offer

excellent properties [82, 83]. These polymer composites have found a diverse range

of applications such as automotive, tires, sports goods, aerospace, packaging, and

even household goods.

Although individual CNTs show very good mechanical properties, transferring

these unique properties to macroscopic composite materials remains a great

challenge. If this issue is solved, many key applications will be enabled. When

engineering polymer composites for load-bearing applications, the alignment,

dispersion, diameter, and aspect ratio of the CNTs and their interfacial interactions

with the matrix are critical for the final composite. Most CNTs obtained today are

entangled powders. Commonly, when making CNT-based composites, the first

question is how and which CNT structure to disperse in the matrix.

For cost-effective and large-scale applications, melt blending is one of the most

widely used methods to achieve CNT-containing composites [84], since it offers

easy and continuous operation. Manufacturers have used this technique to make

composite rubbers containing CNTs. Figure 10 shows a high-performance tire tread

produced using only 0.7% weight fraction of MWNTs; TEM results confirmed that

the CNTs were uniformly dispersed in the rubber matrix. The prepared tires showed

optimal comprehensive performance with practical applications [85]. As-prepared

CNT–polymer composites can be engineered for various applications, such as

spinning of conductive fibers [86]. In addition, ongoing interest in three-

dimensional (3D) printing also offers opportunities for use of CNT-based composite

resins. Adding CNTs to the raw polymers results in feedstocks with improved

properties for this technique. This method can produce polymer composites with

CNTs randomly distributed in the matrix. The CNT loading is mostly below

10 wt%, as higher contents of CNTs are difficult to process due to the high viscosity

resulting from the CNTs. Zheng et al. demonstrated preparation of MWNT–rubber

composites with high CNT concentration of ca. 37 wt%. The results showed that the

persistence length and reorientation of MWNTs during stretching have a significant

impact on the mechanical properties [87]. Addition of CNTs into polymers can

indeed enhance the tensile strength and toughness. However, note that current

dispersion processes still face undesirable problems, as well as damage to CNTs,

which may compromise the mechanical properties of the final composites. To

circumvent this problem, various other techniques such as in situ polymerization

with CNTs have also been developed [88].

Top Curr Chem (Z) (2017) 375:18

123 312 Reprinted from the journal



Instead of directly mixing CNTs with a resin matrix, another strategy to make CNT–

polymer composites based on a special resin infiltration process has been described.

Various CNT structures, including films, foams, fibers, and arrays, can be incorporated

Fig. 10 Application of rubber–CNT nanocomposites in high-performance tires: a use of CNTs in highly
filled rubber/nanosilica tread composite to solve the problem of electrical charge release from energy-
saving passenger tires; b application of rubber–CNT nanocomposite in high-performance engineering
tires for reduced heat accumulation Reprinted from Ref. [85]. Copyright 2016, Elsevier
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into polymers based on this method; For example, well-dispersed SWNT papers can be

prepared by filtration for subsequent impregnation with precursors and polymers [89].

Although these SWNTs are well dispersed, their random entanglement still limits the

strength. More importantly, CNTs can be grown or deposited on traditional fibers (e.g.,

carbon fiber [90], glass fiber [91], and quartz fiber [92], etc.) to improve the mechanical

properties of the composite due to improved load transfer between interfaces.

For mechanical applications, current CNTs are usually considered to be short

fibers. Polymer composites with CNT fillers are always analogs of random, short-

fiber composites. By comparison, traditional carbon fibers have long-fiber features.

Organizing CNTs into aligned continuous fibers is very effective to increase the

content of CNTs and obtain high-strength fibers. In most cases, the enhancements

achieved in polymer composites including randomly distributed CNTs are limited.

The actual strength of CNTs is therefore not fully utilized in such composites

containing random short CNTs. However, reorganizing the dispersed CNTs into an

aligned architecture is challenging. Cheng et al. reported that CNT carpets with high

aspect ratio can be aligned based on well-controlled strategies. The aligned CNTs

are treated with epoxidation functionalization, and further incorporated into

bismaleimide (BMI) resin to form a high-strength bulk composite with 60 vol%

CNT concentration [93, 94] (Fig. 11a). The tensile strength and Young’s modulus

of these composites reached 3081 MPa and 350 GPa, respectively, exceeding those

of state-of-the-art unidirectional carbon-fiber-reinforced composites (Fig. 11b).

Another method to achieve aligned CNTs is growth of vertically aligned CNTs on

substrates, as discussed above. Continuous yarns or sheets can be produced from

such aligned CNTs; however, their mechanical properties still require further

improvement. The anisotropic characteristics of such aligned CNT fibers also make

them valuable for multifunctional applications.

Fig. 11 a Fracture surface morphology of functionalized-CNT-sheet/BMI composite with 40% stretch
alignment. b Comparison of tensile strength and modulus of CNT-sheet/BMI composites with those of
unidirectional carbon-fiber-reinforced polymer composites (CFRP) with 60% carbon fiber or CNT
volume fraction content, showing exceptional integration of high strength, high modulus, and large failure
strain beyond those of current CFRP systems. IMM-CFRP: immediate-modulus CFRP; HS-CFRP: high-
strength CFRP; HM-CFRP: high-modulus CFRP Reprinted from Ref. [93]. Copyright 2010, Wiley–VCH,
Weilheim, Germany
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CNTs are highly conductive. As a result, conductive polymer composites, and

increasing their value, have been applied for certain commercial applications. A

certain type of CNT-based conductive composite is already used for dissipating

electrostatic discharge, in conductive plastics, and other applications. Benefiting

from the high conductivity, together with high aspect ratio (i.e., length-to-diameter

ratio of 102 to 107), nonconductive polymers become conductive on addition of as

little as 0.1 wt%, without compromising other properties [88, 95, 96]. On the other

hand, use of CNTs also enhances the mechanical properties of conductive

composites, whereas use of much higher content of carbon black or metal

nanoparticles in conductive polymers may decrease the tensile strength of the

composites. Low CNT content is desirable for conductive polymers, considering

manufacturing and cost issues. The conductivity largely depends on the processing

method, type of CNT, and polymer matrix applied [97]. Adding CNTs to polymers

also results in other, multifunctional properties, e.g., thermal conductivity [98],

electromagnetic interference shielding [99], etc.

Besides polymer composites, other composites have also received much

attention, such as metal [100, 101], ceramic [102], and other composite materials

[103]. Although these composites are designed for various aims, they face similar

problems regarding production of CNT-based polymer composites. Indeed, if the

challenges discussed above are solved, many techniques will benefit, enabling many

high-volume CNT applications.

4.3 Energy Storage

4.3.1 Lithium-Ion Batteries

Lithium-ion batteries are widely used in electronics and laptops, and their

applications are now extending to include electric vehicles and large-scale energy

storage applications. Currently, battery charging takes more than 10 h due to the

low conductivity of the electrode materials. Based on their reduced cost, CNTs are

now being used in lithium-ion batteries. MWNT powders are ground into slurry to

improve the conductivity of the electrode. A small amount of MWNTs can be added

simply into the electrode by mechanical blending. Benefiting from this improve-

ment, LIBs in electric vehicles can be charged in less than 1 h. Compared with

traditional carbon black, CNTs offer long-range conductivity, resilient network

structures for electrodes, better interfacial contacts, and thermally conductive

networks, representing prominent advantages over traditional carbon black mate-

rials for improved Li-ion batteries [104–106].

Most cathode materials (e.g., LiFePO4) face problems of low conductivity and

limited ion transport in several current classes of cathode material. Obviously,

CNTs are becoming important additives for cathodes of Li-ion batteries. By

partially replacing carbon black (CB), it was reported that addition of CNTs to

electrodes could result in formation of three-dimensional conductive scaffolds with

effective charge transport (Fig. 12a, b) [107]. As a result, introduction of CNTs

greatly improves the charging rate and stability of such battery electrodes

(Fig. 12c). This strategy is now starting to be used to improve the power
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performance of batteries. For industrial applications, a uniform dispersion of CNTs

in the cathode material is vitally important. Cnano technology limited has developed

a method to disperse MWNTs by sand milling to form CNT slurry, with production

of more than 10,000 t/a. CNT slurries are being used as conductive additives for Li-

ion battery cathodes for EVs and smartphones, representing the largest application

of CNTs in China.

For higher energy density, Li–S cathodes are being explored for use in next-

generation Li-ion batteries. CNTs are used as effective scaffolds to improve the

electrode performance of S [108–110]. By direct thermal treatment of SWNTs with

S powder, S/SWNT composites can be prepared with tight adhesion of S on CNT

Fig. 12 a SEM image of CNT/CB-modified LiFePO4/C cathodes, as well as b structural illustration.
c Cycling stability of LiFePO4/C cathode with CNT/CB as conductive scaffold, compared with that made
from CBs or CNTs. Reprinted from Ref. [107]. American Chemical Society, copyright 2014. d Schematic
diagram showing the Si/CNT hybrid nanostructures; e SEM image of the CNT array covered with Si
nanoclusters Reproduced from Ref. [117]. Copyright 2010, American Chemical Society

Top Curr Chem (Z) (2017) 375:18

123 316 Reprinted from the journal



surfaces [111]. However, the capacity decay is still critical for actual applications of

Li–S batteries. Interfacial modifications and porous structure engineering of CNTs,

as well as rational combination of CNTs with other kinds of nanocarbon, are

underway to achieve further improvements of Li–S batteries [112, 113].

CNTs can also be used for anode materials because they are composed of curved

graphitic layers [114]. However, they usually display highly irreversible capacity

during the initial cycles, which may be due to their high interfacial activity. Some

posttreatments of CNTs are therefore necessary for use in battery anodes.

Instead of direct use as anode materials, it seems that making composite

materials of CNTs and other active materials is an effective strategy for use of

CNTs in batteries. Silicon (Si) is a promising anode material with theoretical

capacity of 4200 mAh g-1 and low voltage plateau [115]. However, Si anodes

suffer from large changes in volume during charge/discharge cycles and low

electron conductivity, resulting in poor cycling stability and rate capacity. CNT/

Si hybrids with entangled structure can be prepared by simple mechanical

mixing [116], displaying improved rate capacity and cycling stability. Ordered

nanostructured composites as battery electrodes are expected to minimize ion

electron transport resistances, thereby offering much better performance.

Aligned CNTs have therefore been used to form ordered nanostructured

composites. Wang et al. reported deposition of Si on aligned CNTs by a CVD

technique [117] (Fig. 12d, e), achieving reversible stable capacity and good rate

capability. Gleb Yushin’s group also reported that aligned CNTs coated with Si

can be used to form thick (*1 mm) electrodes [118]. Such ordered nanostruc-

tured composite materials have great potential if they become readily available.

Some other anode composites containing CNTs have also been prepared,

including metal alloys, metal oxides, etc. [105], showing greatly improved

performance.

It must be pointed out that the spray drying process is a versatile and simple

method to produce CNT-based nanostructured electrode materials [109, 119]. A

large variety of micro/nanostructured energy storage particles containing CNTs

have been reported based on this method. In this process (Fig.13a), precursor

solution/dispersion is sprayed into droplets, which then condense into solid

particles for conversion into active composite materials after further treatment

[119]. As a typical example, using CNTs in oxide nanocrystal dispersion, resilient

CNT/oxide composite granules have been prepared based on self-assembly in such

a spray process (Fig. 13b) [120]. This kind of composite material offers good

resilience due to the introduction of CNTs (Fig. 13c). Moreover, by dispersing

CNTs into the precursor solution of cathode/anode materials [121, 122], the CNTs

are directly condensed into the active material in the final composite. Such

nanostructured cathode materials may be developed for use in high-power

batteries.

A unique feature of the structure of CNTs is their high aspect ratio, making such

materials highly flexible. Moreover, the high surface area, as well as the

interconnected network, enable them to accommodate almost all types of electrode

material. In principle, electrode materials with efficient conductive and transport

properties could work as battery electrodes. Therefore, electrodes consisting of only
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CNTs and active materials can be prepared and work well. CNTs are being

considered for use as both a current-collector support for active materials and as

free-standing electrodes without any binder. Jia et al. reported fabrication of binder-

free electrodes based on a simple vacuum filtration method (Fig. 14a, b) [123]. In

such structures, the particles of active material are tightly trapped in CNT networks

(Fig. 14c), forming effective conductive pathways. Based on their tight entangle-

ment, as-formed entangled electrodes show tensile strength approaching 1.2 MPa

(Fig. 14d). By comparison, traditional carbon black–polyvinylidene fluoride bound

electrodes show limited flexibility. For high-capacity electrode materials (e.g.,

V2O5, Fig. 14e, f) [124], binder-free electrodes represent a highly flexible

architecture that can accommodate the volume change while retaining the

conductive network. Although no binders were added, these electrodes worked

well and showed high rate capacity and improved stability. Moreover, Peng’s group

incorporated lithium-based nanoparticles into CNT fibers to make a lithium-ion

battery, which also performed stably after being stretched [125]. Such devices could

be used in smart clothing and other applications.

Besides flexible electrodes, CNT paper may be produced from dispersions for use

in the papermaking industry. This may enable lightweight and highly conductive

current collectors for use in batteries with higher energy and power density.

Interestingly, ground CNT paste, as well as other conductive pastes, can be

incorporated onto metal substrates to form more effective collectors to load active

materials. Construction of such mechanically flexible and deformable substrates to

load active materials for battery electrodes enables facile fabrication of lightweight

flexible energy-storage devices [126].

Fig. 13 a Schematic process of aerosol-assisted heteroassembly of oxide nanocrystals and CNTs into
hierarchically structured mesoporous composite particles. Modified from Ref. [119], Copyright 2015,
Wiley–VCH, Weilheim, Germany. b SEM image of CNT/Fe3O4 composites, showing interwoven
networks. c Compressive stress–strain curves of CNT/Fe3O4 composites, suggesting high structural
durability Reprinted from Ref. [120]. American Chemical Society, copyright 2014
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4.3.2 Supercapacitors

Another promising energy storage device is the supercapacitor, which is known for

its high power density, fast charging time, and long lifetime. The storage

mechanism of this kind of device is based on storage of opposite charges between

two closely spaced surfaces [127]. Based on this storage mechanism, it is expected

that large specific surface area (typically over 1500 m2 g-1) will be key to achieve

supercapacitors with high specific capacitance by providing effective charge storage

sites in the double layer. Activated carbons (AC) are currently the most common

electrode materials for supercapacitors, due to their low cost. However, the

Fig. 14 a Fabrication of binder-free flexible Li4Ti5O12/CNT electrode based on simple vacuum filtration
process. b Flexible electrode and c its cross-sectional morphology, showing intimate entanglement.
d Stress–strain curve of flexible electrodes. Reprinted from Ref. [123]. Copyright 2013, Elsevier.
e Schematic of synthesis of composites of ultralong CNTs and V2O5 nanowires with interpenetrating
network structure. f SEM image of V2O5 nanowire networks and CNTs penetrating through the networks
Reproduced from Ref. [124]. Copyright 2012, Royal Society of Chemistry
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defective microstructure and disordered small pore structure of ACs limit

performance.

Due to their high electrical conductivity and high specific surface area, CNTs

(including both SWNTs and MWNTs) are being extensively studied for use in

electrode materials for supercapacitors with both aqueous and nonaqueous

electrolytes. In aqueous devices, KOH or H2SO4 are the most widely used

electrolytes. The size of the ions is very small, around 0.5 nm, so nearly no diffusion

limitation exists within the electrode. In this case, the capacitance of the electrode is

mainly determined by its specific surface area. For MWNTs with specific surface

area of 470 m2 g-1, the capacitance ranges from 5 to 200 F/g. It seems that there are

no obvious advantages of MWNTs over AC. SWNTs could offer comparable

surface area to AC in aqueous electrolyte. However, the high current cost of

production and purification of SWNTs hampers their high-volume use.

One way to increase the capacitance of CNT electrodes is to modify the surface

of the CNTs by acid or base treatment. Functional groups including OH, COOH, or

C=O exhibit pseudofaradaic capacitance in the range of 4–135 F g-1. Therefore,

MWNTs with moderate surface area of 470 m2 g-1 exhibit capacitance comparable

to commercial AC after such modifications [128]. This surface modification makes

the CNTs hydrophilic, allowing quick access of ions from the aqueous electrolyte.

In addition, it must be pointed out that heteroatom doping of CNTs represents an

important strategy to enhance the pseudofaradaic capacitance [129].

Making CNT-based hybrid/composite materials for supercapacitors is another

method to increase the pseudofaradaic capacitance. Many publications have

reported CNT/metal oxides and CNT/conductive polymers for use in supercapac-

itors [130]. Faradaic reaction (or pseudocapacitance) is obtained in these

nanostructures by tuning their structure and interfaces. The designed three-

dimensional architectures can offer facile kinetics, thereby enabling production of

energy storage devices with high energy and power and long lifetime. However,

CNT/oxide materials suffer from low specific surface area (mostly\50 m2 g-1) and

poor electrical conductance, greatly compromising the power performance.

Moreover, metal oxides also face problems of structure fading during the charge–

discharge process.

For higher energy density, electrolytes included organic electrolytes and pure

ionic liquids (ILs) can be operated at high voltage ([3 V). This could enable energy

densities six to nine times that of aqueous electrolyte. The size of the ions of organic

electrolyte and ILs is typically 1.1–1.5 and 1.5–2.5 nm, respectively. Because of the

increased size of the electrolyte, the true ion-accessible surface area of AC is

estimated to decrease from the original value of 1000–2000 to 200–300 m2 g-1

[131]. By comparison, aligned SWNTs can be condensed into the electrode

(Fig. 15a) [132]. Such electrodes with unique channels allow simultaneous

adsorption of ions and rapid transport of electrons along the c-axis (Fig. 15b).

The energy density of such an aligned SWNT array membrane reached 94 W h kg-1

in Et4NBF4/propylene carbonate electrolyte at 4 V. This exceeds the operating

voltage limit of activated carbon electrodes (3 V), thereby delivering significantly

improved energy and power performance (Fig. 15c). When high-purity SWNTs

were used for the electrode, excellent capacitance retention was achieved. Overall,
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CNTs with high surface area, large bulk density, and ultrahigh purity offer a good

platform to demonstrate the application of CNTs in high-voltage supercapacitors.

Thus, several SWNT companies such as Gnnano in China, Zeon in Japan, and

OCSiAl in Russia have tonnage capacity of SWNT production to focus on this

market.

Although SWNTs are attractive for use in supercapacitors, they normally form

nanotube bundles, so that the available surface area of the nanotubes is usually

reduced. In addition, the current cost of SWNTs is still a major obstacle to their

wide application. For MWNTs, the rise of graphene may remedy the disadvantages

of each material. Composites combining CNTs and graphene have been proposed to

prepare high-powder high-energy supercapacitors (Fig. 16a, b) [133, 134].

Recently, three-dimensional porous graphene fibers were reported for use in

supercapacitor applications (Fig. 16c) [135]. The capacitance can be even better

than with SWNTs, particularly at increasing current densities (Fig. 16d). In

addition, similar to lithium-ion batteries, a great advantage is that CNTs enable

fabrication of electrodes without binders or current collectors, which are attractive

for use in flexible, stretchable, compressible, and fiber supercapacitors [136, 137].

Fig. 15 a Electrode fabrication from SWNT arrays. b Typical cell assembly based on SWNT electrode
in 1 M Et4NBF4/propylene carbonate electrolyte. c Ragone plot of SWNT device at the cusp of bridging
the energy gap between commercial supercapacitors and batteries. (S1 Panasonic 2000F, S2 Superfarad
250F, S3 Saft Gen2, S4 Saft Gen3, S5 Maxwell 2700F, S6 Panasonic 800F; B1 Li-ion, B2 NiHD, B3 Pb-
acid) Reprinted from Ref. [132]. Copyright 2010, Wiley–VCH, Weilheim, Germany
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4.4 Catalysis Applications

CNTs themselves as well as their composites can be engineered into efficient

catalysts for use in sustainable energy applications. Different from traditional

inorganic catalysts, CNTs can easily form a unique network structure that enables

facile mass transport. They have inert properties, making them stable in strong acid

and alkali solutions. Moreover, CNTs can also be used as catalyst supports for

development of other candidate catalysts. These features make CNTs promising for

application in catalysis. CNTs are therefore playing an increasingly important role

in this research field [8].

As is well known, oxygen reduction reaction (ORR) catalysts are mostly based

on platinum (Pt) and its alloys. However, Pt metal suffers from high cost and

instability in actual applications. It is therefore very important to identify

alternatives. At present, nanocarbon materials such as CNTs and graphene [138]

have been developed as effective electrocatalysts or electrocatalyst supports.

However, pristine CNTs usually show very limited performance for ORR due to

their inactive surface.

Fig. 16 a Schematic illustration of ion diffusion behavior for porous CNT–graphene film. Reprinted
from Ref. [133]. Elsevier, copyright 2010. b Schematic illustration of structure of graphene–CNT
composite fiber. Reproduced from Ref. [134]. Copyright John Wiley and Sons 2014. c Morphology of
mesoporous graphene nanofibers (GNFs). d Comparison of specific capacitance of GNFs and SWNTs
Reproduced from Ref. [135]. Copyright 2014, American Chemical Society
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To obtain the desired catalyst performance, introduction of heteroatoms into the

CNT framework has been found to endow them with excellent activity. A

breakthrough in this regard was the synthesis and use of vertically aligned N-doped

CNTs as a metal-free electrode for ORR [61]. The performance of this

electrocatalyst for oxygen reduction in alkaline cells revealed much better

electrocatalytic activity, long-term operation stability, and tolerance to crossover

effect compared with Pt. The reason for the ORR activity may be mostly ascribed to

the carbon atoms with Lewis basicity next to pyridinic N, as confirmed in N-doped

graphene [139]. To date, use of N-doped CNTs for ORR in alkaline electrolytes has

been confirmed by many groups, and this work is being extended to other

nanocarbon materials. However, the catalyst performance of N-doped CNTs is

highly compromised in acidic media. CNTs offering excellent performance in both

alkaline and acidic media are therefore desirable.

On the other hand, based on composite engineering, the surface of CNTs can be

loaded with various catalysts with good dispersion, offering excellent electrocatalyst

supports. One effective Pt-free ORR catalyst is the complex of MNx, where M is one

metal of Fe, Co, and Ni, coordinated by N-containing ligands such as phthalocya-

nine [140]. However, phthalocyanines have low conductivity and must be mixed

with conductive carbon black to form electrodes. CNTs seem to be a better

alternative. If well engineered, use of CNTs could significantly improve the activity

of the catalyst for ORR. In this case, carbon ring nitrogen coordination of transition-

metal catalysts can be achieved. Dai’s group has reported the design and synthesis

of many efficient CNT-based electrocatalysts. As a typical example, by unzipping

CNTs by oxidation and ammonia treatment, a highly efficient NT-G-Fe electro-

catalyst was prepared (Fig. 17a, b) [141]. The NT-G catalysts showed ORR activity

comparable to that of state-of-the-art Pt/C in 0.1 M KOH (Fig. 17c), also offering

promising performance in acid 0.1 M HClO4 medium cells (Fig. 17d).

The development of high-performance catalysts for the hydrogen evolution

reaction (HER) and oxygen evolution reaction (OER) also holds great promise for

clean energy technologies. One of the typical reactions is water splitting. Making

cost-effective electrocatalysts to replace precious iridium (Ir)- or Pt-based catalysts

is an important theme. MWNTs modified by surface oxidation treatment,

hydrothermal annealing, and electrochemical activation displayed unprecedented

OER activity in alkaline media (Fig. 18a) [142]. Oxygen-containing functional

groups such as ketonic C=O on the outer wall of MWNTs are found to play crucial

roles in catalyzing OER by altering the electronic structures of the adjacent carbon

atoms and facilitating adsorption of OER intermediates. On the other hand, to

further improve the activity, an effective approach is to make composite

electrocatalysts by introducing CNTs. As shown in Fig. 18b, application of a

multilayer covalent cobalt porphyrin framework on MWNTs resulted in a highly

active electrocatalyst for water oxidation [143]. Nickel–iron layered double

hydroxide (NiFe-LDH) nanoplates can also be loaded on MWNTs to form a

composite OER electrocatalyst (Fig. 18c–e). The resulting NiFe-LDH/CNT com-

plex exhibits higher electrocatalytic activity and stability for oxygen evolution

compared with commercial precious-metal (Ir) catalysts [144]. In addition, such
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composite electrocatalysts may also find applications in photocatalytic and

photoelectrochemical water splitting cells [8].

In the field of heterogeneous catalysis, porous carbon materials (e.g., mesoporous

carbons) have been used to disperse and stabilize metal particles. As a catalyst

support, the external surface area and interconnected pores of CNTs greatly improve

diffusion of reactants and products, thereby increasing the catalytic activity and

selectivity. A variety of inorganic metal catalysts, including molecular catalysts,

metal nanoparticles, metal oxides or even more complex hierarchical hybrids, have

been loaded onto CNTs for improved reaction performance [145]. Apart from the

aforementioned applications, CNTs have also been utilized for desulfurization of

Fig. 17 a, b TEM images of NT-G catalysts showing exfoliated graphene pieces attached to CNTs.
Rotating-ring disk electrode polarization curves and peroxide yield of NT-G in c 0.1 M KOH and d 0.1 M
HClO4 Adapted from Ref. [141]. Copyright 2012, Macmillan
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diesel fuel, oil hydrocarbon aerobic oxidation, hydrodesulfurization processes, etc.

[146]. Overall, direct use of CNTs as catalysts has been shown to be viable for

several processes. The scope of such reactions has expanded considerably over the

past year. Moreover, inspired by research on CNTs, interest in preparation of CNT-

like materials for catalyst applications has been increasing [138].

4.5 Environmental Applications

4.5.1 Gas Filtration

In most cases, traditional fiber mats can achieve efficient filtration of megascopic

particles, meeting application requirements. However, it is difficult to remove

particles smaller than 1 lm from a gas flow. High filtration efficiency for such

particles is important in many critical applications, such as release of nuclear-active

materials, semiconductor manufacture, aerospace environments, pharmaceutical

processing, and bioengineering.

Fig. 18 a As-prepared surface-oxidized and electrochemically activated MWNTs for use as OER
electrocatalyst. Reproduced from Ref. [142]. Copyright 2015, American Chemical Society. b Cobalt
porphyrin loaded on MWNTs for efficient OER catalysis. Reproduced from Ref. [143]. Copyright 2015,
American Chemical Society. c Schematic showing hybrid architecture and LDH crystal structure.
d Morphology of NiFe-LDH/CNT hybrid. e iR-corrected polarization curves of NiFe-LDH/CNT hybrid
and Ir/C catalysts on carbon fiber paper, measured in 0.1 and 1 M KOH Reproduced from Ref. [144].
Copyright 2013, American Chemical Society
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It has been widely reported that introduction of nanofibers into macrofiber mats

can significantly increase their filtration efficiency and improve the pressure drop of

pristine macrofiber filters. CNTs with diameter around the nanoscale may enable

highly efficient filtration [147]. CNTs themselves can be interwoven into a mat for

filtration. However, this will lead to a large pressure drop, which leads to low

efficiency. Alternatively, the combination of CNTs with traditional fiber mats to

fabricate CNT-based filters may result in highly efficient air filtration. The challenge

lies in control of the structure between the CNTs and filter fibers to avoid a large

pressure drop.

As shown in Fig. 19a–f, Li et al. proposed a ‘‘gradient nanostructure filtration’’

concept to eliminate clogging of nanofiber filters [148]. When grown with only a

small amount of 1.17 wt% CNTs, the efficiency was greatly improved. The filters

displayed the combination of high efficiency, low pressure drop, and long service

lifetime at the same time. They fabricated hierarchical CNT/QF filters with gradient

nanostructures where the content of the CNTs decreased exponentially along the

axial direction of the filter, resulting in higher filtration efficiency and lower

pressure drop [149]. Moreover, a high-efficiency particulate air filter based on an

agglomerated CNT fluidized bed has been developed [150]. Indeed, based on its

high efficiency, aerosols and peculiar smells in the air could also be removed using

this filter. Recently, Yang et al. found that the CNT/QF filter also has very strong

ability to remove O3 from air in comparison with activated carbon. Such

environmental applications represent a new field for CNTs [151].

Fig. 19 SEM images of filters before and after filtration process. a Pristine quartz fiber (QF) filter;
b NaCl aerosol particles deposited on QF filter; c NaCl aerosol particles deposited on single quartz fiber;
d CNT/QF filter; e NaCl aerosol particles deposited on CNT/QF filter; f NaCl aerosol particles deposited
on single CNT Reproduced from Ref. [148]. Copyright 2013, Royal Society of Chemistry
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4.5.2 Water Absorption and Filtration

Another upcoming application domain for CNTs is water purification. Serious water

pollution results in a great deal of damage to the environment, also affecting human

health and animal and plant survival. Water pollution includes heavy metals,

inorganic nonmetals, organic matter, etc., from both domestic and industrial

wastewater. CNTs represent a special fiber material with many advantages. They are

entangled into robust networks and offer mechanical strength and stability. CNTs

have good performance for adsorption of contaminants from water due to their high

affinity and selective adsorption capacity for contaminants, particularly organic

pollutants, bacteria, and heavy metals. Production of portable filters containing CNT

meshes has been reported for purification of contaminated drinking water [2]. In

addition, by adding a suitable amount of MWNTs to polyamide (e.g., 15.5 wt%), a

high-performance reverse osmosis composite thin membrane can be obtained,

which not only improves the membrane performance in terms of flow and

antifouling, but also inhibits chlorine degradation of the membrane [152].

More importantly, an interesting issue discussed by researches is water transport

in the internal tubes of small-diameter CNTs. It has been found that transport of

fluids using CNTs is orders of magnitude faster than for other nanoporous materials

due to the unprecedented smoothness and regularity of CNT pores [153, 154]. In

this case, aligned CNT membranes are being evaluated for use in desalination

technology (Fig. 20) [155]. They can be embedded into a resin or ceramic matrix

and then engineered with open ends for water purification. The results show that this

kind of CNT filter has a water flux approximately three times higher than

Fig. 20 Carbon nanotube (CNT) membranes for water purification. The membrane facilitates water
influx, rejects salts, and removes most pollutants Reprinted from Ref. [155]. Elsevier, copyright 2013
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commercial ultrafiltration membranes and water transport approximately 70,000

times faster than conventional no-slip flow [156]. Moreover, by engineering the

ends of CNTs using different functionalization strategies, such filters also display

enhanced ability to gate molecular transport through the CNT cores [157]. These

studies indicate that CNTs have potential to overcome the inherent limitations

resulting from the trade-off between flux and selectivity of any membrane process.

In this regard, CNT membranes are considered to have a bright future for use in

next-generation water desalination. If this technique is scaled up, water desalination

and purification may rapidly become promising [158].

Studies have shown that CNTs have good performance for adsorption of

contaminants from water. Compared with traditional adsorbents, CNTs offer

advantages of large adsorptive capacity and short adsorption equilibrium time.

However, there are still some problems including high production cost, poor cycle

stability, etc. Another major concern regarding CNTs for air and water filtration is

environmental and human exposure to CNTs, since there are some reports that

CNTs may damage human health [159]. Mechanical stability is very important for

the safety of CNT-based filters. The structure of CNT-based filters should be

designed to prevent CNT detachment from the filter under the force of fluid flow or

other external forces. Such health and environmental concerns are also important for

CNT production and their subsequent processing, application, recycling, etc. [160].

5 Summary and Outlook

CNTs display many extreme properties, such as superior mechanical strength,

semiconducting properties, etc. However, these properties are only achieved when

they have perfect structure. It is very important to control or even completely avoid

defects at the atomic to macro level during CNT synthesis, as well as to achieve

production scale-up. This is an engineering problem and currently represent the

most challenging issue in the field of CNTs. Although this challenge seems difficult,

such ultrahigh-strength materials and ultra-high-performance semiconductor mate-

rials are in great demand for future society.

Large-scale production of MWNTs has become available, now offering

production capacity of more than thousands of tons per year. The processing

techniques used are critical for their application. It is important to develop cost-

effective and reliable processes for CNT processing depending on the application.

Now, MWNT powders are milled into pastes, which are widely used in lithium-ion

batteries. However, dispersion techniques and extended applications of this kind of

material need to be further explored, especially to solve the dispersion problems of

high-aspect-ratio and high-purity CNTs, and to identify applications.

Synthesis and scaled-up production of SWNTs with high aspect ratio and purity

remain key issues for future development and applications of CNTs. Addressing

these problems will benefit many critical applications.

Meanwhile, the development of CNTs has promoted research into other

nanocarbons, currently including graphene. The combination of CNTs with other

nanocarbons will open up new horizons for development of CNTs. Such rational

Top Curr Chem (Z) (2017) 375:18

123 328 Reprinted from the journal



combinations will further enhance the potential applications of CNTs and other

materials.

Looking ahead, CNTs have made great breakthroughs in energy storage

applications. Considering the rapid development of EVs and other practical

devices, it is very possible that CNTs will be used in industrial applications at levels

up to several million tons per year in the next decade. In the field of CNT catalysis,

the superior performance of doped Dirac carbon materials compared with Pt/C in

ORR, OER, HER, etc., may enable rapid development in the chloralkali industry

and fuel cells. Also, due to the significant advantages of SWNTs in load-bearing

materials and conductive materials, it is believed that they will become key

materials for use in high-end applications, e.g., in the aviation, aerospace, and

military fields.
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