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Abstract. The synthesis, sorting and organization of carbon nanotubes are ma-
jor challenges toward future applications. This chapter reviews recent advances in
these topics, addressing both the bulk production and processing of carbon nano-
tubes, and their organization into ordered structures, such as fibers, and aligned
arrays on surfaces. The bulk synthetic methods are reviewed with emphasis on the
current advances toward mass production and selective synthesis. New approaches
for the sorting of carbon nanotubes by structure and properties are described in
the context of the specific physical or chemical interactions at play, and referring to
the characterization methods described in the contribution by Jorio et al. Recent
advances in the organization of carbon nanotubes into fibers are reviewed, includ-
ing methods based on spinning from solution, from dry forests, and directly from
the gas phase during growth. The organization of carbon nanotubes on surfaces,
as a critical prerequisite toward future applications in nanoelectronics, is reviewed
with particular emphasis given to the synthesis of both vertically and horizontally
aligned arrays. Vertically aligned growth has been recently boosted by the develop-
ment of highly efficient catalytic processes. Horizontally aligned growth on surfaces
can yield a whole new array of carbon-nanotube patterns, with interesting physical
properties and potential applications. Different mechanisms of horizontally aligned
growth include field- and flow-directed growth, as well as recently developed meth-
ods of surface-directed growth on single-crystal substrates by epitaxial approaches.
The proposed mechanisms pertinent to each technique are discussed throughout
this review, as well as their potential applications and critical aspects toward fu-
ture progress.
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1 Introduction

Carbon nanotubes can have different individual structures, morphologies and
properties, as well as different collective arrangements and emerging proper-
ties, all of which are determined by the method of preparation and further
processing. Hence, a wide variety of synthetic methods have been developed
to produce the desired materials and properties for specific scientific studies
or technological applications. The first growth of high-quality and milligram
quantities of multiwall carbon nanotubes (MWNTs) [1] and single-wall car-
bon nanotubes (SWNTs) [2, 3] marked important milestones that enabled
the study of the intrinsic properties of nanotubes. Chemical vapor deposi-
tion (CVD) for high-quality SWNTs [4–6] further opened up new routes for
controlled synthesis and device integration. It is clear that future develop-
ments in nanotube-based science and technology will continue to rely on the
further improved highly controlled synthesis of nanotubes. Some of the long-
standing problems in the nanotube area are due to the lack of control in
the synthesis and chemical processing of SWNTs, in chirality control that
determines whether a nanotube is metallic or semiconducting, in diameter
control that determines the bandgap of a semiconducting SWNT, and in the
placement and orientation control on large substrates that is needed for scal-
able production of nanotube electronics and other devices. Currently, there
are four main challenges in the field of nanotube synthesis: 1. Mass produc-
tion, i.e., the development of low-cost, large-scale processes for the synthesis
of high-quality nanotubes, including SWNTs; 2. Selective production, i.e.,
control over the structure and electronic properties of the produced nano-
tubes; 3. Organization, i.e., control over the location and orientation of the
produced nanotubes on a flat substrate; and 4. Mechanism, i.e., the devel-
opment of a thorough understanding of the processes of nanotube growth.
For applications such as composites and hydrogen storage, it is desired to
obtain high-quality nanotubes at the kilogram or ton level using bulk-growth
methods that are simple, efficient and inexpensive. For devices such as nano-
tube-based electronics, which require highly organized arrays, scaleup will
unavoidably rely on self-assembly techniques or controlled growth strategies
on surfaces combined with microfabrication techniques.

In this review, we present an overview of the current state-of-the-art meth-
ods and understanding in the synthesis of carbon nanotubes, following this
rational order from bulk production to organized production, namely from
methods involving large amounts of material and a low level of organiza-
tion, to methods yielding higher levels of organization in smaller amounts.
Thus, we start with bulk production methods (Sect. 2), with emphasis on
mass production and selective synthesis, followed by purification (Sect. 3)
and sorting (Sect. 4). Then we describe current methods for the production
of nanotubes organized into fibers (Sect. 5) and into vertical and horizon-
tal arrays on surfaces (Sect. 6), the latter representing the highest level of
organization. Relevant mechanisms are briefly referred to throughout this re-
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view, and the general perspectives of nanotube synthesis are summarized in
the last section (Sect. 7). For the synthesis of doped carbon nanotubes and
double-walled carbon nanotubes, see contributions by Terrones et al. and
Pfeiffer et al., respectively.

2 Bulk Production Methods

The preparation of high-quality carbon nanotubes with high yield has been
the goal of many research endeavors. So far, arc discharge, laser ablation, and
chemical vapor deposition (CVD) are the three main methods for SWNT pro-
duction. In the following subsections, we discuss the various methods for the
bulk synthesis of carbon nanotubes, first describing their general principles,
and then focusing specifically on mass production and selective synthesis. In
addition, some of the recent methods of vertical growth on surfaces (Sect. 6.1)
can also yield bulk quantities of carbon nanotubes.

2.1 Arc Discharge and Laser Vaporization

Arc discharge and laser ablation were the first methods that allowed synthesis
of SWNTs in relatively large (gram) amounts [7]. Both methods involve the
condensation of hot gaseous carbon atoms generated from the evaporation
of solid carbon. In 1992, a breakthrough in MWNT growth by arc discharge
was first achieved by Ebbesen and Ajayan who demonstrated growth and
purification of high-quality MWNTs at the gram level [1]. For the growth of
single-wall tubes, a metal catalyst is needed in the arc–discharge system. The
first success in producing substantial amounts of SWNTs by arc discharge
was achieved by Bethune and coworkers in 1993 [2]. The growth of high-
quality SWNTs at the 1–10 g scale was achieved by Smalley and coworkers
using a laser-ablation (laser oven) method [3]. Nevertheless, the equipment
requirements and the large amount of energy consumed by these methods
make them less favorable for nanotube production. With the arc and laser
methods, only powdered samples with nanotubes tangled into bundles can be
produced. Controlled synthesis on substrates with ordered nanotube struc-
tures has not been possible by these methods.

2.2 Chemical Vapor Deposition (CVD)

The CVD method involves the decomposition of a gaseous or volatile com-
pound of carbon, catalyzed by metallic nanoparticles, which also serve as
nucleation sites for the initiation of carbon-nanotube growth. This method,
which can be easily scaled up to industrial production levels, has become
the most important commercial method for SWNT production [7–9]. Chem-
ical vapor deposition is the term used to describe heterogeneous reactions
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in which both solid and volatile products are formed from a volatile pre-
cursor through chemical reactions, and the solid products are deposited on
a substrate. Both MWNT and SWNT synthesis have been well developed
using CVD. Another advantage of CVD methods is that they allow more
control over the morphology and structure of the produced nanotubes. With
the CVD methods, one can produce well-separated individual nanotubes ei-
ther supported on flat substrates or suspended across trenches [7–9]. These
nanotubes can be directly used to fabricate nanoscale electronics.

Over the last ten years, several methods have been developed that have
the potential for industrial-scale preparation of nanotubes. All of them are
based on CVD methods. Among these methods, five different approaches have
been shown to be the most promising: methane CVD, HiPCO, CO CVD,
alcohol CVD and PECVD (plasma-enhanced CVD). Methane CVD was de-
veloped by Dai ’s group at Stanford; they first reported the synthesis of bulk
amounts of SWNTs by CVD from methane at 900 ◦C [5, 10, 11]. Su et al.
significantly improved the yield of this method using Al2O3 aerogels impreg-
nated with Fe/Mo nanoparticles as a catalyst [12]. Several groups used other
hydrocarbons and catalysts to prepare SWNTs. For example, Hafner et al.
prepared SWNTs using an extremely small amount of C2H4 diluted by Ar
and an Fe/Mo bimetallic catalyst with an Al2O3 support. Both single- and
double-wall nanotubes were observed for reaction temperatures from 700 ◦C
to 750 ◦C [6].

HiPCO, which stands for high-pressure catalytic decomposition of carbon
monoxide [13], is a method for the preparation of SWNTs using high-pres-
sure CO as the carbon source. The catalysts used in a HiPCO process are
formed in the gas phase from a volatile organometallic catalyst precursor
introduced into the reactor. The organometallic species decompose at high
temperature, forming metal clusters on which SWNTs nucleate and grow.
The HiPCO process was originally developed by Smalley’s research group at
Rice University. Currently, the HiPCO process is the only process that can
make SWNTs on a kilogram per day scale. CO was actually the first feed gas
used for the growth of SWNTs. Dai et al. performed the first CVD synthesis
of SWNTs by Mo-catalyzed disproportionation of CO at 1200 ◦C in 1996 [4].
It was reported that most of the resulting SWNTs had catalytic particles
attached to the ends, indicating that the growth of SWNTs was catalyzed by
preformed nanoparticles. The use of CO as a feed gas does offer certain ad-
vantages over hydrocarbons. Compared with samples made using the same
catalyst and methane, the amount of amorphous carbon can be reduced.
An important advance in the CO CVD method that makes it potentially
commercial is the development of the Co-MoCat process by Resasco’s group
at the University of Oklahoma, who used Co-Mo bimetallic catalysts and a
fluidized-bed CVD reactor to produce a large quantity of SWNTs [14].

A recent addition to the family of CVD methods for SWNT production
is the alcohol CVD method [15]. Maruyama and coworkers recently reported
the synthesis of high-purity SWNTs using alcohols such as methanol and
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ethanol as a carbon source. TEM and SEM showed that the products are
very clean SWNTs without any amorphous carbon coating. It is hypoth-
esized that the OH radical formed at high temperature from alcohols can
remove the amorphous carbon efficiently during nanotube growth, leaving
only pure SWNTs as a product.

Plasma-enhanced CVD (PECVD) methods have also been widely used for
making carbon materials including MWNTs. PECVD for high-quality SWNT
synthesis is only recent and has been reported by several groups [16–20].
The reactive species in the plasma system could affect the growth of very
small diameter tubes, with implications to both diameter control and selective
etching of metallic SWNTs (Sect. 4.3). PECVD growth of large multiwall
structures has also been studied extensively and has been discussed in review
articles [21].

2.3 Mass Production

Mass production of CNTs is the key factor to realize a viable CNT industry.
Among the various approaches to produce CNTs, including laser ablation [3]
and arc discharge [22], CVD [4] possesses promising characteristics, such as
scalability and controllability and thus is regarded as the most promising ap-
proach for mass production. Table 1 compares the relative advantages of some
of the CVD methods for mass production. For MWNTs, industrial scale and
economical mass production has been commercially realized by a floating-
catalyst CVD method. However, low-cost mass production of high-quality
and high-purity SWNTs still remains a big challenge. Some approaches based
on floating-catalyst [23] or catalyst-supported CVD methods have launched
the market, but generally the cost is too high and the purity is not yet suffi-
cient. The difficulty for mass production of SWNTs stems from the fact that a
single MWNT is thousands of times heavier than a single SWNT, and thus to
make the same amount of SWNTs, thousands of times more SWNTs in num-
ber have to be synthesized. In the floating-catalyst CVD method, catalytic
metal nanoparticles are injected into a vertical furnace with a carbon source
and SWNTs precipitate from the nanoparticles. Floating-catalyst CVD is
an ideal system for MWNT growth because 1. CNTs can grow laterally by
deposition of carbon on the sidewalls, and 2. catalyst particles are allowed
to aggregate, enabling high-density catalyst injection into the furnace. Thus,
the furnace is scalable in three dimensions. These features make the floating-
catalyst CVD method highly productive for MWNT synthesis. On the other
hand, the situation is very different for SWNT growth because neither lat-
eral growth nor catalyst aggregation are acceptable. Also, the catalyst size
has to be small, in the range of a few nanometers. As such, the general
strategy to synthesize SWNTs is to dilute the catalyst density in order to
avoid aggregation and to shorten the growth time in order to avoid lateral
growth. Therefore, scalability has a tendency to become two-dimensional, and
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Table 1. Comparison of different CVD methods for mass production

CVD method Temperature Scalability Efficiency Purity Quality Alignment

Floating catalyst High ◦ (3D→2D) ◦ ◦ � –
Fluidized bed* Medium � (3D) ◦ × ◦ ×
Supergrowth Medium – (2D) � � ◦ �
Notes: *Rotary kiln with supported catalyst. Quality: � Excellent.

◦ Good. × Bad. – Unknown or depends.

thus the productivity of SWNTs is diminished significantly when compared
to MWNT synthesis.

Another well-pursued approach is to synthesize SWNTs on supported
catalysts in systems such as a fluidized bed or a rotary kiln. Generally, these
approaches have high scalability. For example, metal furnaces can be used
since the growth temperature is typically below 900 ◦C, while most furnaces
for floating-catalyst CVD growth are made of quartz or a ceramic because the
growth temperature is usually above 1000 ◦C. The weak point of supported-
catalyst CVD is the low purity of the growth product, because the support
material intrinsically remains as an impurity. At this moment, there seems
to be no promising approach to address this key issue. Another emerging
approach is to grow massive vertically aligned SWNT forests on substrates.
For example, water-assisted CVD (denoted by “supergrowth”, Sect. 6.1) has
a very high growth efficiency (10min growth on a 29.7 cm× 21 cm metal foil
produces more than 1 g) and can provide the purest SWNT material ever
made. However, at this moment it is not obvious if this process is scalable or
not. Several key points, such as large area and continuous CVD growth, need
to be addressed, not to mention the issue of reducing the cost of the substrate.
Finally, for SWNTs to become a widely used industrial material, eventually
the cost must be reduced to the level of classic carbons, such as activated
carbon or carbon fibers. This means a cost reduction of factors of hundreds
to thousands must be realized in the future. All in all, so far, every existing
synthetic approach has its specific weak points that need to be solved to
realize mass production of high-quality, high-purity and cheap SWNTs. Only
time will show which way will be the best.

2.4 Toward Selective Synthesis

Controlling SWNT growth by selectively forming nanotubes with desirable
(n,m) indices is important to obtain pure metallic or semiconducting mate-
rials needed for electronics applications, such as interconnects or transistors.
Unfortunately, most of the synthesis methods produce mixtures of SWNTs
with random (n,m). In a few rare cases, selective synthesis phenomena have
been observed. Li et al. [16] reported that a low-temperature PECVD growth
method selectively grew ∼ 85–90% of semiconducting SWNTs, as opposed
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to ∼ 67% of semiconductors expected for random (n,m) distribution. The
selective growth was attributed to the relative low heat of formation energy
of semiconducting vs. metallic nanotubes, especially for SWNTs in the very
small diameter range [24]. Later, Zhang et al. [25] reported selective plasma
etching of metallic SWNTs over semiconducting ones, raising the possibility
of plasma playing a role in selective formation of semiconducting nanotubes.

Resasco and coworkers reported SWMT synthesis with highly enriched
(6,5) species using a CoMo binary catalyst and CO feedstock [26]. Recently,
they suggested that the (n,m) distribution of the SWNT product can be
reproducibly altered by varying the reaction temperature, the gaseous feed,
or the cluster surface morphology [27]. The main effect of increasing the
reaction temperature is to increase the metal-particle size during the SWNT
growth, and consequently the nanotube diameter. By varying the support
one affects the resulting morphology of the metal cluster, and as a result, the
chiral angle of the nanotube produced. The interaction of the metal and the
support plays an important role in the size and morphology of the cluster. It
may be possible that by the appropriate selection of the growth parameters
(support, gas, temperature, etc.) one can have a relatively narrow control
of the (n,m) distribution [27]. However, much work remains to be done to
selectively grow SWNTs with specific (n,m) over a wide range of diameters
and chiralities.

3 Purification

“Purification” of carbon nanotubes is a process that separates nanotubes
from non-nanotube impurities included in the raw products, or from nano-
tubes with undesired numbers of walls. These impurities generally include
amorphous carbon, catalysts, catalyst supports, carbon nanoparticles, and
unwanted nanotubes such as a small amount of MWNTs in a raw SWNT
sample, or SWNTs in DWNT samples. Generally, the purification methods
can be separated into dry methods and wet methods. However, the separation
method varies dramatically for nanotubes produced using different methods
described above, since the type of impurities included in the raw samples are
quite different depending on the production methods.

Purification has been an important synthetic effort since the discovery
of carbon nanotubes, and there are hundreds, if not thousands, of publica-
tions discussing different aspects of the purification process. Here, we just
intend to give a brief overview of the principles with a few examples. Good
review articles on the purification of nanotubes are available in the recent
literature [28, 29].

3.1 Dry Methods

The dry methods of purification refer to methods that can selectively re-
move, through gas-phase oxidation, amorphous-carbon species due to their
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higher reactivity compared to that of carbon nanotubes. The simplest method
is air oxidation at selected temperature, originally developed for the purifi-
cation of MWNTs produced by either CVD or arc-discharge methods [30].
For SWNTs, due to their higher reactivity than MWNTs, the reaction condi-
tions need to be adjusted from simple air oxidation to improve the selectivity
of oxidation and to improve the purification yield. For example, Zimmer-
man et al. [31] reported a gas-phase purification method incorporating Cl2,
H2O, and HCl gaseous mixtures for SWNTs grown from pulsed-laser vapor-
ization. SWNTs grown from the arc discharge method can be purified by
oxidizing in air at 350 ◦C or 470 ◦C, as described in different reports [32, 33].
For CVD and HiPCO nanotubes, there are also many reports on their purifi-
cation. For example, HiPCO nanotubes can be purified using wet air (or wet
Ar–O2) oxidation, at 180–300 ◦C [34]. A scalable method to effectively purify
HiPCO nanotubes was also developed by Smalley ’s group at Rice University
by adding a step to convert metal oxide in raw samples after mild oxidation
to C2H2F4 or SF6 to form a metal fluoride that can be easily removed by HCl
treatment [35]. Many more reports on gas-phase purification are available in
the literature [28, 29].

3.2 Wet Methods

The wet methods treat nanotubes in solution for purification purposes, and
can be used alone or together with dry methods. Actually, most dry methods
of purification are also followed by a step of acid treatment to dissolve metal
catalyst and/or metal oxides formed during the gas-phase oxidation step. Use
of nitric acid (HNO3) is the most common wet method for purification, as
it is straightforward, inexpensive, and effective in removing metal catalysts
and amorphous carbon from large quantities of raw material. For example,
as-prepared SWNTs grown by laser-ablation techniques are known to have
long bundles of SWNTs with few defects. They can be purified using nitric
acid treatment [36–43]. In a typical run [41, 43], raw SWNTs are refluxed in
2.6M HNO3 for 45 h. After repeated filtration steps and maybe also centrifu-
gation steps, highly purified nanotubes can be obtained. This method is also
widely adapted for the purification of nanotubes prepared by other methods
with a small variation in acid concentrations. Wet purification methods can
also be combined with dry oxidation methods. For example, Dillon et al. [37]
have reported a nondestructive, scalable, three-step purification process that
yields materials with 98% purity. Their method contains a dilute nitric acid
(3M HNO3) reflux for 16 h, functionalized, and redistributes the nonnan-
otube fractions, so as to form a uniform and reactive coating on the SWNTs.
This coating is selectively removed by oxidation in stagnant air. In addition,
they investigated the effect of this procedure on arc discharge SWNTs, and
found that a relatively long-period exposure consumed a significant fraction
of the nanotubes themselves, due to the presence of a larger metal content.
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Additionally, other methods, including different chromatography meth-
ods [44–46] and centrifugation methods [47, 48], were also demonstrated to
be very useful for the purification of carbon nanotubes. For example, Had-
don’s group at UC Riverside discovered that ultracentrifugation at different
speeds can be a very effective method for the purification of SWNTs made
by the arc method [47]. The method is capable of large scaleup at low cost.

4 Sorting

Although there has been promising progress toward the selective synthesis
of carbon nanotubes of specific structure or electronic type (Sect. 2.4), all
synthesis methods reported to date produce mixtures of carbon nanotubes
of different structures and types. Therefore, significant research is currently
being devoted to developing methods for sorting these mixtures into specific
structures or types [29, 49]. By “sorting”, one ideally refers to the parti-
tion of a mixture into physically separated ensembles of carbon nanotubes
of a particular type (metallic or semiconducting) or structure (length, diam-
eter, chirality), or, even more ideally, a specific pair of (n,m) indices. Less
ideally, but often more realistically, one can also refer to partial sorting or
“enrichment” of samples having a higher proportion of a particular type, or
“fractionation” into ensembles having a narrower distribution of diameters
or lengths.

During the last five years, significant progress in carbon nanotube sorting
has been enabled by the development of new methods of dispersing carbon
nanotubes in solution [50], as well as by new methods of carbon nanotube
metrology (see contribution by Jorio et al.), which are critical for determining
the distribution of structures in carbon nanotube samples. The dispersion
of discrete carbon nanotubes in solution and their systematic population
analysis have also enabled the study of selective interactions between external
forces or chemical species and carbon nanotubes of different structures and/or
types. Any of these selective interactions can in principle be exploited for the
sorting of carbon nanotubes. This section reviews the different methods of
carbon nanotube sorting, and also the different selective interactions, which
could in principle become the basis for future sorting methods. Rather than
sequentially reviewing the more than 70 reports related to the topic of carbon
nanotube sorting, we shall first attempt to classify them in a rational way
by their operating principles. We then describe some of the most promising
methods of sorting reported so far, and finally try to draw some conclusions
and perspectives toward the ideal sorting of carbon nanotubes.

4.1 Classification of Sorting Methods and Selective Processes

The different methods of carbon nanotube sorting, and selective interactions
or processes, which could eventually lead to new methods of sorting, may be
rationally classified by the following aspects:
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1. Parameter of selectivity (from more general to more specific): length (L),
electronic type (M/S), diameter (dt), chirality (θ), and structure (n,m).

2. Type of selective force or interaction (from weaker to stronger, or from
longer to shorter range): gravity (e.g., in sedimentation), inertial forces
(e.g., in centrifugation), volume-exclusion forces (e.g., in size-exclusion
chromatography), electric-field (e.g., dielectrophoresis), selective nonco-
valent adsorption (e.g., by van der Waals forces, charge-transfer, π-stack-
ing, etc.), reversible covalent functionalization, irreversible chemical re-
action, and finally, a selective elimination by a chemical (e.g., etching) or
physical (e.g., electrical breakdown) process.

3. Type of medium (from less to more condensed): vacuum, plasma, gas,
organic solvent, aqueous solution, gel, and solid.

4. Degree of separation (from lower to higher): selective orientation (e.g.,
by electric field), selective modification (e.g., adsorption, reaction, etc.),
microscopic selection (e.g., selective deposition of individual nanotubes),
bulk enrichment, and finally, complete bulk separation.

5. Production scale or scalability, namely, what amount of nanotubes are
sorted, or can be sorted, using a particular method.

Combinations of different selection parameters, types of interactions, or types
of medium are also possible.

Table 2 summarizes different reported methods of sorting and selective
processes, with their respective references, classified by the parameter of se-
lectivity and the type of selective force or interaction. Specific subgroups of
interactions are listed in italics. The type of medium is indicated in paren-
theses, unless it is an aqueous dispersion with common ionic or nonionic
surfactants, such as sodium dodecylsulfate (SDS), sodium dodecylbenzene-
sulfonate (SDBS) or Triton X-100, assuming that the interaction with the
surfactants is not the main selective agent. In each field, the different items
are listed by increasing degree of separation (4). Items in black indicate ac-
tual sorting or enrichment methods, which are in principle scaleable, whereas
items in gray are selective processes not attaining a physical separation of
the different types of nanotubes. Specific remarks are listed below the table.

4.2 Nondestructive Sorting

Four exemplary nondestructive methods of carbon nanotube sorting selected
from Table 2 are schematically represented in Fig. 1, and explained below
(other methods have been described in recent reviews [29, 49]).

Dielectrophoresis (Fig. 1a)

This was the first demonstrated method of sorting by electronic type [59].
In this method, a surfactant-stabilized aqueous suspension of single-wall car-
bon nanotubes is placed onto an array of interdigitated electrodes, across
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Table 2. Classification of sorting methods and selective processes

L M/S dt

Gravity Precipitation1

Inertial forces Centrifugation1

Hydrodynamic
forces

Field-flow
fractionation [43, 51]

Volume-
exclusion
forces

Size-exclusion
chromatography [44,
45, 52–56]

Filtration1

Electric field Electrophoresis [57,
58]

Dielectrophore-
sis [59–67]

Electrophoresis [58]

Noncovalent
adsorption

RNH2 (THF)2 +
filtration [68, 69]; +
centrifugation [70,71]

Van der Waals Extraction TOAB
(H2O/EA)3 [72]

Encapsulation of
metallocenes [73]
Reversible cyclic
peptides +
centrifugation [74]

Charge transfer Br2 +
centrifugation [75]

Electrochemical
doping [76]
FeCl3 [77, 78]
K [77, 78]

π stacking Porphyrins +
centrifugation [79]

DNA +
centrifugation [80]

Reversible
covalent func-
tionalization

RN+
2 + e− [66]

RN(CH2)
−
2 +

precipitation [81]

Chemical
reaction

OsO4 + hν [82]

Chemical
decomposition

RN+
2 (l/s) [83]

H2O2 [84]
H plasma [85]
CH4 plasma (g) [86]

HNO3 [87]
O2 (g) [87]
H2SO4/H2O2 [88]

Physical
destruction

Electrical breakdown
(g/s) [89, 90]

Notes: 1 These processes are not selective per se, but are used for physi-
cal separation in combination with the selective processes listed be-
low. 2 THF = tetrahydrofurane. 3 TOAB = tetraoctylammonium bromide,
EA = ethyl acetate
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Table 2. continued

M/S + dt θ n, m

Gravity

Inertial forces

Hydrodynamic
forces

Volume-
exclusion
forces

Electric field Dielectrophoresis
field-flow
fractionation [91]

Noncovalent
adsorption

RNH2 (THF)2 +
filtration [92]

Van der Waals Bile salts +
density-gradient
centrifugation [93]

Charge transfer Fe(CN)3−6 [94]

π stacking DNA +
ion-exchange chro-
matography [95–98]

Reversible
covalent func-
tionalization

H+ [99]
RN+

2 [100–102]
RN+

2 + filtra-
tion [103]
RN+

2 + dielec-
trophoresis [104]

RN+
2 [105]

Chemical
reaction

CCl2 [106]

Chemical
decomposition

NO+
2 [107, 108]

F2 (g) [109]
H2SO4/H2O2 [110]

Physical
destruction

Notes: 1 These processes are not selective per se, but are used for physi-
cal separation in combination with the selective processes listed be-
low. 2 THF = tetrahydrofurane. 3 TOAB = tetraoctylammonium bromide,
EA = ethyl acetate
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which an ac voltage of 10V at 10MHz is applied for a few minutes. The
dielectrophoretic force acting on a particle is proportional to the field square
gradient and the Clausius–Mossotti factor (εp − εm)/(εp + 2εm), where εp

and εm are the dielectric constants of the particles and the medium, re-
spectively. The dielectric constant of metallic SWNTs is larger than that
of water, whereas that of semiconducting nanotubes is actually smaller, so
the Clausius–Mossotti factor is positive for metallic nanotubes but negative
for semiconducting ones. Hence, only the metallic carbon nanotubes are at-
tracted toward the electrodes, and selectively deposited onto them, while
the semiconducting nanotubes remain in the suspension. This method can
yield ∼ 100 pg quantities of carbon nanotubes enriched with 80% metallic
nanotubes. Interestingly, the Clausius–Mossotti factor can be modified by
varying the frequency [61] or by chemical functionalization [104], thus al-
lowing different sorting possibilities. The method can be used for depositing
thin films of aligned metallic nanotubes [67], and can in principle be scaled
up using macroscopic electrodes [64], filtration [62], and microfluidics. Di-
electrophoretic field-flow fractionation is an interesting way of combining the
advantages of dielectrophoresis and field-flow fractionation [91], which also
allows sorting by diameter. In any case, the fact that dielectrophoresis re-
quires an inhomogeneous field means that its scaling up for mass production
may not be trivial.

Covalent Functionalization (Fig. 1b)

This is a more classically chemical approach to type and diameter sorting.
Diazonium ions (RN+

2 , where R is an aromatic group, such as 4-chlorophenyl)
were shown to react selectively with metallic carbon nanotubes of small di-
ameters [100]. Similar selective functionalization with diazonium ions having
the bulky group R = 4 tert-butylphenyl enabled subsequent separation by
filtration on silica gel [103]. After separation, the metal-enriched function-
alized SWNTs could be defunctionalized into pristine SWNTs by thermal
treatment. This process can in principle be performed in a chemical reactor,
so it could be massively scaled up.

DNA-Assisted Dispersion (Fig. 1c)

This is an interesting pathway for type and diameter sorting [95]. Single-
stranded DNA was shown to wrap around SWNTs, allowing their dispersion
in aqueous solutions. The DNA-wrapped SWNTs are negatively charged,
and can then be fractionated by ion-exchange chromatography, yielding a
fraction enriched in metallic or semiconducting SWNTs with different diam-
eter ranges. The use of a specific DNA sequence consisting of a d(GT)10–45
repeat (i.e., 10 to 45 alternate G and T bases) significantly enhances the
structure-based sorting of SWNTs, producing highly enriched fractions of
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Fig. 1. Exemplary nondestructive methods of carbon nanotube sorting. (a) Di-
electrophoresis [59]. (b) Covalent functionalization [100] (EF: Fermi energy; ΔET:
charge-transfer energy). (c) Ion-exchange chromatography with DNA. Model of
a DNA-wrapped SWNT [95]. (d) Density-gradient centrifugation with bile salts
(e.g., sodium cholate) [93]

specific (n,m) [96]. This process is scalable in principle, but relatively expen-
sive due to the high price of oligonucleotides.

Density Differentiation with Bile Salts (Fig. 1d)

This is a very promising recent approach for (n,m) sorting [93]. Bile salts are
relatively bulky and rigid surfactants that are naturally derived from choles-
terol. They encapsulate SWNTs in such an arrangement that the density
of the supramolecular assembly depends on the nanotube diameter. Hence,
ultracentrifugation in a density gradient leads to separation by type and
diameter. Using narrowly dispersed starting materials, such as CoMoCAT-
grown SWNTs, and repeating the separation with the right combination of
surfactants, allow the production of highly enriched fractions with single
(n,m) structures. The fact that bile salts are abundant byproducts of the
meat-processing industry, and the relative simplicity of the centrifugation
technique, could make this sorting method highly scalable and inexpensive.

4.3 Selective Elimination

The last two rows of Table 2 show different sorting methods based on selec-
tive elimination. Such methods may be especially important for the elimina-
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tion of metallic nanotubes from nanotube-based electronic circuits in situ, in
order have only semiconducting nanotubes to operate as field-effect transis-
tors (FETs). Selective physical destruction of metallic nanotubes by electrical
breakdown has been used for this purpose [89, 90]. However, this method re-
quires the nanotubes to be connected to electrodes, which is a limitation for
large-scale integration of nanocircuits. Dai and coworkers [25] have recently
developed a process of methane plasma followed by annealing, to selectively
etch or hydrocarbonate M-SWNTs and retain S-SWNTs in the 1–2 nm diam-
eter window. It is revealed that diameter is an important factor in the chem-
ical reactivity of a SWNT towards hydrocarbonation and etching. Smaller-
diameter SWNTs (below ∼ 1.2 nm) are preferentially etched over larger ones
due to the higher radius of curvature and higher strain in the C–C bond-
ing configuration. In a certain diameter range, metallic tubes are selectively
etched over semiconducting ones due to more abundant delocalized electronic
states. The difference in chemical reactivity diminishes for SWNTs with large
diameters (∼ 2 nm and larger) without selectivity [25].

The gas-phase etching method is reliable and can provide 100% yield of
semiconductors in an ensemble of SWNTs. The retained S-SWNTs are free
of covalent alterations upon thermal treatment and thus exhibit electrical
properties similar to pristine materials. The distribution of diameters of the
S-SWNTs is narrowed down to a window (∼ 1.3–1.6 nm) that provides suffi-
cient bandgaps for high on/off ratios and allows for good electrical contacts,
both of which are important for high-performance electronics [25]. The dual
effects of selective metal removal and diameter-distribution narrowing com-
bined with compatibility with microfabrication technology make the method
promising for large-scale SWNT electronics. This method was used to demon-
strate FETs with large numbers of S-SWNTs in parallel by selectively etching
metallic SWNTs in a large ensemble of tubes. About 20 intact semiconduct-
ing SWNTs in parallel in SWNT devices were obtained without any metallic
short [25].

4.4 General Principles and Perspectives of Sorting

By looking at Table 2 and considering the selected examples, one can
learn several interesting principles: Length-sorting methods are usually based
on relatively weak and long-range forces, such as in field-flow fractiona-
tion [43, 51], size-exclusion chromatography [44, 45, 52–56], and electrophore-
sis [57, 58]. One interesting exception is the length-dependent extraction in
a two-phase liquid–liquid system using a phase-transfer chemical agent [72].
In contrast, methods for sorting by type and diameter (and combinations
thereof) are usually based on stronger or shorter-range forces, from electric
fields to covalent bonding. Nondestructive selective interactions with chem-
ical species cannot by themselves lead to sorting, unless they are combined
with an additional weaker or longer-range force, which is used to physically
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separate the different nanotubes, for example by precipitation [81], centrifu-
gation [70, 71, 74, 75, 79, 80, 93], filtration [68, 69, 92, 103] or chromatogra-
phy [95–98]. In these cases, the selective interaction with chemical species
will lead to a physical separation based on chemically induced differences in
solubility [68,69,74,81,92,103], density [75,93] or charge [95–98]. It is interest-
ing to note that type and diameter selectivity often come together. This can
often be attributed to the fact that smaller-diameter nanotubes have a larger
bandgap and a higher strain. Hence, the diameter also affects the physical and
chemical properties of the nanotubes. In general, metallic carbon nanotubes
are more reactive than semiconducting ones toward covalent functionalization
due to their higher density of states near the Fermi energy [100], resulting
in stronger orbital interactions [111, 112]. However, semiconducting-selective
reactions have also been reported [79]. Smaller-diameter nanotubes are gen-
erally more reactive toward covalent functionalization due to their higher
strain and sp2-orbital pyramidalization [113]. On the other hand, their dop-
ing or charge-transfer functionalization is more favorable for large-diameter
nanotubes due to their smaller bandgap [76, 77, 113]. Interestingly, there are
very few reports of chirality-dependent processes [105, 110], and their chiral
dependence can actually be attributed to a combination of type and diam-
eter selectivity. The lack of intrinsically chirality-dependent processes may
indicate that chirality per se does not strongly affect the chemical or phys-
ical properties of the nanotubes, but rather their type and diameter. More-
over, there is currently no method for chirally resolving left-handed from
right-handed nanotubes. One could envisage a chiral-dependent process by
a commensurate interaction between the rolled graphene sheet and a chiral
crystalline surface or a helical overlayer of chiral molecules, but such resolu-
tion has not yet been reported. Finally, the ultimate sorting of unique (n,m)
structures has so far been achieved by highly type- and diameter-selective
processes using narrowly distributed starting materials [93, 95]. From these
principles, it may be concluded that the most promising pathway for the pro-
duction of pure (n,m) samples could be a skillful combination of a selective
synthetic method (Sect. 2.4) with a highly type- and diameter-selective sort-
ing method, based in turn on a combination of chemical modification with an
effective means of physical separation. Amplification of (n,m)-sorted SWNT
“seeds” by continued growth [114–116] could make the sorting process even
more scalable in an analogous way as the synthesis of DNA has been boosted
by the invention of a polymerase chain reaction (PCR). If progress continues
at a good pace, the day when one can order carbon nanotubes with specific
(n,m) and length from a catalog may not be too far away.

5 Organization into Fibers

Carbon nanotubes, both single wall and multiwall have beguiling axial prop-
erties. Mechanically, they have been shown to be very strong and stiff, elec-
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trically they are conducting, and in the case of single-wall tubes, the nature
of the conductivity, ranging from metallic to a large-band-gap semiconduc-
tivity, depends critically on how the graphene sheet is joined up to make the
tube, in fact on its chirality. They also show promise as thermal conductors.

The challenge is to organize these individual nanotubes into a material
that will transfer their individual properties into an exploitable material form.
In the case of the axial properties of carbon nanotubes, the obvious material
form is a fiber in which the nanotubes are well aligned with the axis and as
closely packed as possible. There is a broad spectrum of research aimed at
maximizing the property transfer from the nano- to the macroscale, and it
reflects one of the central themes of materials science, namely the organization
of atomic, molecular, nano- and microscales of structure to realize desired
properties at the macroscale. The properties of the individual nanotubes, the
building blocks for the fiber, are crucial in determining the final properties,
for it is all but impossible that these will be enhanced on fiber forming, and
in general they will be degraded.

This section focuses on the developing technologies that are providing
routes to the production of fibers consisting of carbon nanotubes. However,
there are many options for incorporating varying amounts of a second ma-
terial, typically a polymer, within the fiber. Of course there is a continu-
ous range of compositions here, ranging from pure nanotube fibers, through
property-modified nanotube fibers, through composites, through to what are
really no more than nanotube-filled polymer fibers, and finally through to
pure polymer fibers themselves. An arbitrary limit is set in this section, in
that only fibers with concentrations greater than 20% carbon nanotubes are
discussed, and where the nanotubes are the minority component, then the
descriptions are limited to processes that can also make quite pure nanotube
fibers. Hence, coagulation spinning of composite fibers is included, but not
melt extrusion and drawing of a polymer containing carbon nanotubes as
a filler, as in this latter case the enhancement of the melt viscosity by the
nanotubes makes such processing difficult above concentrations of 10–20%.
There is also another focus, and most attention is given to processes that
have the ability to spin fibers continuously.

5.1 Processing Principles

The task is clear, we have to start with carbon nanotubes in some form, and
organize these into a fiber, while at the same time, as far as is possible, align
them perfectly with the fiber axis. Carbon nanotubes are long and thin, and
in the case of single-wall tubes, their diameter is similar to that of many
polymer molecules (e.g., the PMMA molecule is ∼ 0.7 nm in diameter). They
are, however, very stiff compared with even the stiffest polymer molecules.
Computational modeling [117] indicates that the persistence length of even
a small-diameter single-wall carbon nanotube (7,7) is some tens of microm-
eters, which would make it some 100 times stiffer than DNA. While such a
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value may be surprising, it should be remembered that a thin-walled tube is
amongst the stiffest, per unit mass, of all engineering structures, and in the
case of carbon nanotubes bending requires the stretching and compression of
the strong carbon–carbon bonds. A direct consequence of this stiffness is that
assemblies of carbon nanotubes are not expected to melt to form any free-
flowing phase. The melting point of any crystal is given by Tm = ΔH/ΔS.
In the case of nanotubes, the ΔS term is vanishingly small on two counts.
Firstly, their intrinsic stiffness means they are all but as rigid in the dis-
organized state than when packed parallel on an hexagonal net; secondly
they are large compared with individual atoms so the entropy of mixing is
correspondingly very small. The melting point is thus effectively “off scale”,
and melt-processing routes are not available. It is therefore necessary to look
at other options. There are two: creating free-flowing suspensions in a low
molecular weight liquid or applying mechanical fields to dilute assemblies
of nanotubes in a gas phase. In each gas the dilution of the nanotubes will
enable them to be oriented by the field as it forms the fiber. These two ap-
proaches, which may be classified as “wet” and “dry”, form the basis of all
the successful process strategies for the formation of carbon nanotube fibers.
A final method, which is currently being reduced to practice, involves the
extension of an existing fiber by continual synthesis and deposition of carbon
nanotubes onto its end [115]. In the descriptions below, the wet routes will
be explored first, and then the dry.

5.2 Liquid Suspensions of Carbon Nanotubes

With so little entropy to be gained through distributing nanotubes in a liq-
uid medium, it has to be achieved by treating the system so that there is a
clearly negative heat of mixing (ΔHmix), or in other words, there needs to be
a preference for bonds to be formed between the nanotube surface and the
molecules of the liquid. Such a favorable heat of mixing can be achieved either
by a very careful choice of solvent [118], or by surface treating the carbon
nanotubes so that they are compatible with the suspending liquid [119] or
through the use of surfactants, i.e., small molecules that have a liquid com-
patible part and a carbon nanotube-compatible part [52]. These strategies
continue to evolve. A key aspect of liquid suspensions of long rigid rods is
that they can organize in two ways, they can assume random orientations
(bag of nails) but with very inefficient packing so that such structures will
be associated with high dilutions. Alternatively, the rods can pack parallel,
but with solvent molecules still between them. Such a phase is a solvent sta-
bilized, or, specifically a lyotropic, liquid-crystalline phase. The relationship
between the concentration of rigid rods in a suspending medium, and either
the heat of mixing (ΔHmix), or the temperature, is shown as a schematic
phase diagram in Fig. 2, first predicted by Flory [120]. Song et al. [121],
first demonstrated nanotube liquid crystallinity using aqueous suspensions of
multiwall nanotubes. They extended the study to topological defects in the
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Fig. 2. Schematic phase diagram for a system consisting of a liquid containing
rigid rods in suspension. It shows isotropic and liquid-crystalline phase fields (I)
and (LC). The diagram does not allow for the possibility of crystallization of the
rods at high concentrations. The diagram is drawn here as a function of temperature
and χ, which is a variable related to the heat of mixing, ΔHmix

director fields relating these back to the precepts of liquid-crystal science. In-
cidentally, where there is a distribution of lengths and perfection amongst any
suspension of carbon nanotubes, it has been shown that, for concentrations
within the two-phase region or “Flory chimney”, the longer, straighter tubes
partition into the liquid-crystalline phase, with the poorer material being re-
jected into the isotropic phase. Such partition has recently been exploited in
a fractionation process [122], which has relevance as the longer, straighter
nanotubes are known to form stronger fibers, as is discussed further below.
Liquid crystallinity is an example of self-organization, and such phases are
known to be an excellent precursor for obtaining high orientation in fibers
spun from the liquid, the process for making aramid fibers being the most
important example, e.g., [123].

5.3 Spinning Carbon Nanotube Fibers
from Liquid-Crystalline Suspensions

The first successful spinning of a continuous single-wall carbon nanotube
fiber from a liquid-crystalline suspension was reported in 2004 by Eric-
son et al. [124] from Rice University. The suspending medium for an 8%
dispersion single-wall nanotube, which had been synthesized from carbon
monoxide in the HiPCO method, was 102% sulfuric acid (2wt% excess SO3).
The suspension was stabilized by the formation of a charge-transfer complex
as the acid protonated the nanotubes. The solution, which had to be kept
completely dry, was extruded into an aqueous coagulation bath where the
sulfuric acid was removed, leaving a fiber of the order of 50μm diameter.
Figure 3 shows a WAXS diffraction pattern of the fiber (fiber axis vertical)
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Fig. 3. Wide-angle X-ray diffraction picture of a
single-wall carbon nanotube fiber drawn from a
liquid-crystalline suspension in concentrated sulfu-
ric acid. The pattern indicates high-quality align-
ment of the nanotubes with the fiber axis [124]

and an azimuthal scan yielded a peak width of 31◦ (at half-maximum). The
fibers showed a strength of 0.16GPa and a stiffness of 120GPa.

Two other pieces of work have explored the production of fibers by es-
sentially the same route as the Rice work, but using rather more amenable
solvents. Steinmetz et al. [125] spun from a stabilized aqueous suspension of
arc-grown single-wall nanotubes into a coagulation bath of either ethylene
glycerol or ethylene glycol, to which 1% SDS had been added to act as a
surfactant. The fibers were then washed to remove the surfactant. By way of
comparison, Zhang et al. [126] spun from an ultrasonically stabilized suspen-
sion of multiwall nanotubes in glycol into a coagulation bath of ether. The
processes produced fibers of strengths of ∼ 0.1GPa (inferred) and 0.20GPa,
respectively. The elastic moduli, however, were 2GPa and 130GPa for the two
processes. The electrical conductivities were also very different, being 700 S/m
and 8000 S/m. Zhang et al. also measured the quality of the alignment in a
way that permits comparison with the sulfuric acid spinning of [124]. The
Zhang value was 20◦ width at half-height for the azimuthal peak, indicating
somewhat better alignment for the multiwall nanotube specimen.

It would appear that all three of these spinning processes were from ly-
otropic liquid-crystalline suspensions, although Steinmetz et al. do not say
so explicitly. The strengths, and in the case of the single-wall surfactant dis-
persed tubes, the elastic modulus, are disappointing. Various authors across
the field have commented that a central factor in maximizing strength will
be the lengths of the individual nanotubes [127, 128], in much the same way
as the strength of polymeric fibers is optimized at high molecular weights.
Strengths are also likely to be enhanced by crosslinks between individual
nanotubes [125].

5.4 Wet Spinning of CNT Composite Fibers

It appears that the first successful spinning of a carbon nanotube-bearing
fiber was by Vigolo, Poulin and coworkers in a sequence of papers stemming
from Vigolo et al. in 2000 [129]. In [130] the team reports the spinning of con-
tinuous lengths of a composite fiber consisting of a significant concentration
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Fig. 4. The wet spinning method developed
by Vigolo, Poulin and co-workers [130]. An
aqueous suspension of carbon nanotubes,
stabilized by a surfactant, is injected into a
flowing solution of polyvinyl alcohol which
causes the fiber to coagulate. It is then re-
moved from the bath and washed to remove
excess polymer. The resultant fiber is a com-
posite, typically 50/50 of carbon nanotubes
and polymer

of nanotubes in polyvinyl alcohol (PVA). They set the work in the context
of other alignment methods such as electrophoretic nanotube alignment for
short fiber lengths [131], and also provided a good basis for the use of sur-
factants to achieve the dispersions. Figure 4 [130], shows the essence of the
process. A dilute surfactant-stabilized aqueous suspension of single-wall car-
bon nanotubes, (CNT concentration < 1%, surfactant, SDS, concentration
< 5%) is injected into a flowing bath of PVA solution in water. The PVA
replaces the water causing the fiber to coagulate. The fibers had a strength of
0.15GPa and a stiffness of 15GPa. The work sparked a development process
involving stretching of “rewetted” fibers [132], to give a strength of 0.2GPa
and a stiffness of 40GPa.

Further developments have followed by the French group [133, 134], who
have shown that for SWNT PVA ratios in the region of 50/50, that in ad-
dition to improved strength and stiffness, very high toughness fibers can be
obtained. In particular, the process of hot drawing of the composite [133]
seems to provide an exciting enhancement of toughness at low strains, with
a strength of 1.5GPa and a toughness (at 11% fracture strain), of 55 J/g.
The orientation of the PVA molecules in such samples is of a particularly
high order. Figure 5 shows the stress/strain data from [133] correlated with
the WAXS patterns indicating the degree of alignment in the fibers. In a
parallel development involving coaxial flow, fibers of strengths as high as
1.8GPa [135] have been seen. Salt routes for nanotube dispersion, where a
sodium salt is made in association with the nanotube that then carries charge,
possibly as much as one unit per ten carbon atoms, are a further important
step [136]. When placed in a polar solvent the charged nanotubes form a
suspension without the need for sonication and the possible consequence of a
reduction in fiber lengths. Applying this suspension route to the coagulation
process [127], produced mechanical properties close to those for the SDS-
spun material, even with only 15% CNT loading compared with 50% for the
surfactant suspensions. Wet-spun composite fibers are unlikely to be good
candidates for high electrical conductivity owing to the insulating polymer
separating the nanotubes, and there are correspondingly only sparse reports



122 Ernesto Joselevich et al.

Fig. 5. More recent results from the wet-spinning method showing X-ray and stress-
strain data from wet-spun composite fibers (SWNT/polyvinyl alcohol), incorporat-
ing additional alignment procedure during spinning, (a) to give a remarkable tough
fiber by any comparative standard, albeit measured up to a breaking strain of 430%
and (b), the result of hot drawing the fiber, giving much better orientation of both
the nanotubes and the matrix polymer molecules, and a resultant increased fracture
stress, whilst retaining a significant energy to break for only 11 % elongation [133]

of such measurements. However, values in the range of 4–300 S/m, have been
quoted for SDS wet-spun CNT fiber.

The coagulation spinning technique is versatile, and has been used by
several workers to generate fibers with a wide range of polymers with com-
paratively low nanotube loadings for specific purposes. References [137–140],
for example, cover polyanaline, polyacronitrile and UHMW polyethylene.

5.5 Dry Spinning from Carbon Nanotube Forests

Carbon nanotubes, especially multiwall ones, can be grown as “forests” from
a flat substrate with comparative ease (Fig. 6a). The nanotubes are rela-
tively straight and thus have only modest levels of entanglement. Jiang et
al. [141] first demonstrated that for forests grown under the right conditions,
the nanotubes can be drawn away from the forest edgeways to form a very
thin coherent film that can then be twisted into a fiber.

A process established for continuous wind-up [142] has provided an excel-
lent basis for determining the influence of twist on strength, where the rela-
tionships between twist angle and nanotube lengths can be analyzed using the
precepts of yarn technology, as it applies to the creation of continuous yarn
from twisted short fibers (staple) [143]. Figure 6b shows the process in oper-
ation. The twisted yarn in this example is in fact very fine (2μm diameter),
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Fig. 6. Dry spinning from carbon nanotube forests. (a) A typical “forest” of multi-
wall carbon nanotubes grown from a substrate, in this case a silica plate. (b) Pho-
tograph of the spinning of a carbon nanotube fiber from a forest of multiwall nano-
tubes. The fiber is drawn at right angles to the direction of the nanotubes in the
forest [142]

and could be difficult to see with the naked eye. The mechanical properties
first reported were tensile strengths in the range of 0.3–0.8GPa and stiff-
nesses up to 25GPa. The electrical conductivity reported was 30 × 103 S/m
(compared to Cu: 60×106 S/m). With the twist optimized, one route towards
increased mechanical and electrical properties is likely to be the growth of
forests of ever-increasing length [128, 144]. There is also the possibility of ex-
ploiting the thin films drawn as they first emerge from the forest. They are
exceptionally thin and transparent; they also show amazingly high strengths
on a mass per unit area basis [145].

5.6 Direct Spinning from Carbon Nanotube Fibers
from the CVD Reaction Zone

In all the techniques described so far, the carbon nanotubes have to be syn-
thesized in one stage, and the fibers spun as a second distinct step. The
method of spinning nanotube fibers directly from the CVD reaction zone was
introduced by Li and coworkers [146]. There have been numerous reports in
the literature of fibrous-like deposits in CVD reaction chambers. Of these
Zhu et al. [147] were the first to measure mechanical properties of 20 cm
strands, which they found were significant with elastic moduli of the order of
50GPa and strengths of 1GPa. The Cambridge process [146] took the signifi-
cant step of realizing that the carbon plume formed in the reaction chamber,
where the floating catalyst of iron was introduced into the furnace as fer-
rocene dissolved in the liquid hydrocarbon feedstock, had elastic properties
owing to the entanglement of the long nanotubes. This elastic smoke can
be “hooked” and wound up continually either within the furnace or outside.
The geometry can be varied to form either a fiber or a film (Figs. 7 and 8).
The elastic smoke is technically an aerogel. Its condensation into fiber or film
geometries is either achieved through the particular wind-up geometry em-
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Fig. 7. Schematic diagrams of the
process by which carbon nanotube
fibers are spun directly from the
CVD reaction zone. Two wind-up
schemes are illustrated here, one to
produce fiber, the other thin film

Fig. 8. Fiber being spun directly from the furnace via a gas valve that separates the
hydrogen in the furnace from the air. The fiber condensation, at an intermediate
level is achieved by the rotary motion of the gas. The inset shows a fiber after full
condensation using acetone evaporation

ployed, or by subsequent twisting or wetting with an appropriate solvent. The
process is enhanced through the addition of a sulfur-containing compound,
typically thiophene, to the feed stock. Optimization of the process depends
on the achievement of the right balance of feedstock composition, including
catalyst and sulfur concentration, injection rate, hydrogen carrier gas flow
rate, furnace temperature and wind-up speed [148, 149].

Fibers can be routinely spun with strengths of the order of 1N/tex (if
the specific gravity of the fiber is assumed to be unity, then these numbers
equate to GPa) and if the conditions are taken to the limits of spinnability,
then strengths of double this are seen. The elastic moduli are in the region
of 70N/tex [150] (Note: “tex” is a unit of measure for the linear mass den-
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sity of fibers, defined as the mass in grams per 1000 m, i.e. 1 tex is equal to
10−6 kg/m in S.I. units). Typical stress-strain curves of continuously spun
material that has not been subjected to any post-treatment except for con-
densation are shown in Fig. 9. Very much higher values have been seen on
short sections of the fiber, approaching 8N/tex strength and 200N/tex elas-
tic modulus (values about three times those of Kevlar), which indicate not
only the potential of the process but the directions for future development.
The fibers are also tough, absorbing 60 J/g at ∼ 10% extension. Adjustment
of the process parameters can control the type of nanotubes comprising the
fiber, whether they are single wall, thin wall or multiwall, and their mean di-
ameter. The fibers with the best mechanical performance appear to comprise
mainly double-wall nanotubes of unusually large diameter, so that many of
them have undergone autocollapse to give “dog-bone” cross sections. The
fibers also show a readiness to absorb polymer solutions, which opens up
one of several routes to the further enhancement of their properties. Their
electrical conductivity, without any optimization, is 0.3 × 106 S/m and their
thermal conductivity between 1000 and 1500Wm−1K−1. As with the fibers
made by dry spinning of nanotube forests, the fiber has yarn-like qualities.
It is tough, flexible and has a knot strength of 80%.

Of the three spinning methods described, the liquid route appears to
produce the best-ordered fibers and quite stiff ones (up to 130GPa), although
the strengths were low, at around 0.2GPa. Fibers dry-spun from multiwall
nanotube forests have reported strengths up to 0.8GPa, and stiffness of the
order of 25GPa. Fibers spun directly from the CVD reaction zone reach
strengths considerably above 1GPa, and stiffnesses equal to, or in excess of,
the liquid-crystalline spun material, while much higher strengths and stiffness
have been demonstrated on occasions, underlining the huge potential of the
process. A key parameter is the length of the component nanotubes, which
can now reach > 1mm by “supergrowth” (Sect. 6.1). Electrical conductivity
is also promising in pure dry-spun fibers, with values approaching 1% of
copper, or 8% on a weight basis. Nanotube–polymer coagulation spun fibers
show high energy absorption at fracture. Ultimately, the process that succeeds
to win a substantial portion of the high-performance fiber market ( 2 B p.a.)
will be the one that is the most industrially scalable, cheaper and better. See
also the contribution in this volume by Endo et al.

6 Organization on Surfaces

The organization of carbon nanotubes on surfaces is an important issue to-
ward many different future applications. Organization into vertical arrays
(Sect. 6.1) may be especially important for field emitters in display tech-
nology (see contribution by Endo et al.), as well as a source for dry spin-
ning of nanotube fibers (Sect. 5), whereas organization into horizontal arrays
(Sects. 6.2 and 6.3) is a critical prerequisite for large-scale integration into
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Fig. 9. Stress–strain curves from standard
fibers that can be spun in the laboratory
by the km. Higher strengths can also be
achieved

nanocircuits [151]. An important difference exists between the organization
of SWNTs and MWNTs on surfaces, due to their different mechanical prop-
erties. MWNTs are relatively rigid, and their growth is more naturally di-
rectional. Therefore, significant progress in the organization of MWNTs on
surfaces was achieved relatively earlier [152–154]. In contrast, SWNTs are
relatively flexible, making their organization especially challenging. This sec-
tion focuses on the recent progress in the organization of SWNTs on surfaces.
Such organization can be achieved during nanotube formation by vertically or
horizontally aligned growth (Sects. 6.1 and 6.3, respectively), or by organized
assembly of pre-formed nanotubes (Sect. 6.2).

6.1 Vertically Aligned Growth and Supergrowth

With arc discharge or laser-ablation techniques, only tangled nanotubes
mixed randomly with various impurities are obtainable. Research in CVD
nanotube growth has also been initiated by the idea that aligned and or-
dered nanotube structures can be grown on surfaces with control, as first
demonstrated by Ren and coworkers by growing large-diameter MWNTs
forming oriented “forests” on glass substrates by PECVD [155], and by
Fan and coworkers by CVD on uniform and catalytically patterned sub-
strates [156]. Carbon nanotubes can self-assemble into aligned structures
during CVD growth into vertically aligned films or patterns perpendicular to
the substrate surface. The mechanism of nanotube self-orientation typically
involves the nanotube base-growth mode substrates. During CVD growth,
nanotubes interact with their neighbors via van der Waals forces to gain
rigidity, which allows the nanotubes to self-orient and grow perpendicular to
the substrate [7].

6.1.1 Supergrowth

Most growth methods based on CVD, such as those mentioned above, are
seriously limited by the low activity and short life time of the catalyst. The
resulting low catalytic activity of CNT synthesis has not only reduced the
availability of SWNTs, but the dead catalysts remain in the as-grown material
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as impurities. Addition of a controlled amount of water vapor in the growth
ambient can dramatically enhance the activity and lifetime of the catalysts
and address these problems [157–161]. This new CVD approach denoted as
“supergrowth”, works best on substrates with catalytic nanoparticles. With
the assistance of water, dense, vertical-standing, and aligned SWNT forests
with millimeter-scale height can be synthesized. Figure 10a shows a 2.5-mm
high SWNT forest that was grown in ten minutes [157]. The SWNT/catalyst
weight ratio exceeds 50, 000%, more than 100 times higher than for other
processes, illuminating the remarkable efficiency of water-assisted nanotube
synthesis. A close examination (Fig. 10b) at the ledge of the SWNT for-
est illustrates that the nanotubes are well aligned vertically relative to the
substrate. High-resolution transmission electron microscopy (TEM) studies
(Fig. 10c) show that the nanotubes are clean SWNTs free from amorphous
carbon. Low-resolution TEM studies (Fig. 10d) of the as-grown forest re-
veal the presence of only thin nanotubes and the absence of metallic par-
ticles and supporting materials that usually comprise a major constituent
of as-grown SWNT material. Raman spectra showed clear radial breathing
mode peaks that correspond well with the diameter of the SWNTs measured
by TEM. Thermogravimetric analysis (TGA) on pure SWNT material using
N2 gas with water shows that SWNT combustion in the presence of water
starts at about 950 ◦C, indicating that the water does not oxidize or damage
the nanotubes at the growth temperature.

Characterization of the structure of SWNT forests provided interest-
ing insights into the growth mechanism [162]. For a typical SWNT forest,
the SWNT area density is 5.2× 1011 tubes/cm2, the mass density of the for-
est is 0.037 g/cm3, the average SWNT size is 3.0 nm, and the SWNT area
density is 5.2 × 1011 tubes/cm2. The catalyst activity was estimated to be
84% (±6%), the highest value ever reported for SWNT growth. On average,
there exists one 3-nm diameter SWNT in a substrate area of 190 nm2 and
the average distance between tubes is 14 nm. SWNTs occupy 3.6% of the
total volume, and more that 96% is empty space. Interestingly, other SWNT
forests synthesized by different methods and catalysts also show a similar
sparseness, and the density of the CNTs is roughly in the range of a few to
10% [163]. The sparseness of the forest is thought to be essential for grow-
ing SWNT forests by CVD with root growth. This is because excessively high
densities inhibit carbon diffusion to the catalysts (diffusion limited); whereas,
for insufficiently high densities, the SWNTs would fail to grow vertically and
would instead form a mat and quickly suffocate the catalysts as observed in
normal CVD growth. With this sparseness, vast amounts of SWNTs can be
grown on a substrate while not restricting the delivery of the carbon feed-
stock.

The SWNT forest structure can be easily removed from the substrate
using, for example, a razor blade. After removal, the substrate is still cat-
alytically active to grow SWNT forests again, which means that growth by a
root-growth mode with catalysts remaining on the substrate after removal of
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Fig. 10. (a) Picture of a single-walled carbon nanotube (SWNT) forest. (b) Scan-
ning electron microscopy (SEM) image of the SWNT forest ledge. (c) High-
resolution transmission electron microscopy (TEM) image of SWNTs. (d) A large-
area TEM image. (e) SEM image of SWNT cylindrical pillars with 150 μm radius,
250 μm pitch, and 1 nm height. Inset, SEM image of a root of a pillar. Scale bar,
50 μm [157]

the forest. The high SWNT/catalyst weight ratio, the clean TEM images in
Fig. 10, and the easy removal of the forests suggest that the as-grown SWNT
material is highly pure. Thermogravimetric analysis (TGA) showed no mea-
surable residue after heating above 750 ◦C, indicative of a carbon purity
above 99%. Quantitative elemental analysis with X-ray fluorescence spec-
trometry detected 0.013% Fe as the only impurity, meaning a carbon purity
over 99.98%, i.e., the purest SWNT material ever made.

Realization of large-scale organized SWNT structures of [157] desired
shape and form is important for obtaining scaled-up functional devices. With
the assistance of water, SWNTs grow easily from lithographically patterned
catalyst islands into well-defined vertical-standing organized structures, as
demonstrated by the large-scale arrays of macroscopic cylindrical pillars
(Fig. 10e). The cross section of the SWNT structure corresponds well with
the patterned catalyst (inset of Fig. 10e), and thus it is possible to fabricate
arbitrary shapes of organized SWNT structures where the base is lithograph-
ically defined and the height is controlled by the growth time.

The effect of water can be revealed by [157] formulating a numerical
growth model that describes the time evolution of the supergrowth [164]. The
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time evolution of the forest heights (yield) (Fig. 11a) showed that the growth
rate gradually decreased over the subsequent 20min, and finally terminated
with a height of 970μm. The time evolution of the height H (t) of the forest
growth rate could be expressed, as H(t) = βτ0[1− exp(−t/τ0)], by assuming
that the catalysts lose their activity in a similar fashion to radioactive decay.
Important physical meaning can be assigned to the two fitting parameters:
β is the initial growth rate (IGR) and τ0 is the characteristic catalyst life-
time. Fitting the growth equation to the experimental time-evolution data
yielded excellent agreement (Fig. 11a), and the fitting parameters were: IGR
(β) of 207μm/min and lifetime (τ0) of 4.74min, respectively. According to
the growth equation, the product of the two fitting parameters, βτ0 gives
the theoretical maximum height, Hmax, that was calculated to be 980μm,
matching well with the experimentally obtained height of 970μm. A family
of time-evolution data of the supergrowth was obtained at different ethylene
flow rates at a fixed water level. From each growth equation curve, the ini-
tial growth rate β and the characteristic catalyst lifetime τ0 was calculated
and plotted as a function of the ethylene flow rate (Fig. 11b). Overall, the
lifetime and IGR followed divergent trends, i.e., the IGR monotonically in-
creases while the lifetime decreases with the ethylene level. The existence of
these crossings among growth equation curves is a direct result of this diver-
gent trend: slower initial growth with long lifetimes achieves higher maximum
heights than rapid initial growth but with short lifetimes. Furthermore, de-
spite this divergent trend, the theoretical maximum height (Fig. 11b, shown
as a histogram), being the product of the two fitting parameters, βτ0 exhibits
a peak representing the optimum ethylene flow rate for this water level. The
divergent trends are easily explainable: 1. IGR monotonically increases with
ethylene flow rate because the carbon source for SWNT growth increases,
2. the lifetime decreases since the catalyst is poisoned faster by rapid accu-
mulation of an amorphous-carbon coating, a factor known to kill the catalyst
activity.

Further analysis was carried out by the two-dimensional mapping of
the dependence of the lifetime, initial growth rate, and theoretical maxi-
mum height on water and ethylene. Rearranging the data into a plot of the
maximum height as a function of the water/ethylene ratio revealed a clear
trend. The maximum height initially increased with the water/ethylene ratio,
peaked at a value of about 1/1000, then decreased with further increase of
the water/ethylene ratio. The water-assisted enhanced growth efficiency is re-
flected in the initial increase of the maximum height, and the peak represents
the optimum growth conditions of the supergrowth. This result demonstrates
the existence of a scaling relation between ethylene and water, and that the
balance of the ethylene and water is the most critical factor for controlling
the supergrowth. The same maximum height can be achieved by both a slow
growth with a long lifetime and a fast growth with a short lifetime, given
that the water/ethylene ratio is the same. Furthermore, the existence of this
scaling law suggests that the catalysts consume a specific number of ethylene
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Fig. 11. Time evolution of SWNT forest growth. (a) Plot of the SWNT forest
height as a function of the growth time. (b) Overlaid plots of the lifetime, ini-
tial growth rate, and maximum height (histogram), as derived from each growth
curve [164]

and water molecules before they die, and this specific number is determined
by the water/ethylene ratio. This implies that the rate-limiting process of
the SWNT growth is the supply of carbon to catalysts from the gas phase.

Synthesis of catalyst-free DWNT forests with millimeter-scale height
is also possible by using catalyst nanoparticles tailored to achieve maxi-
mum DWNT selectivity [165] (see more on DWNTs in the contribution by
Pfeiffer et al.) Catalyst engineering is the key point for selective DWNT syn-
thesis and was achieved by determining the optimum mean tube diameter for
selective DWNT synthesis and by growing CNTs with this optimum mean di-
ameter by precisely controlling the thickness of the Fe catalyst film. To under-
stand and control CNT synthesis, the relationship between the tube type (sin-
gle, double or multiwall) and diameter was studied by constructing a phase
diagram (Fig. 12a) of the relative populations of SWNTs, DWNTs, MWNTs
vs. the tube diameter. The phase diagram clearly shows that DWNTs occupy
the majority of the nanotube population within a distinct diameter range
sandwiched between the SWNT and MWNT regions. The existence of this
distinct DWNT region affords selective DWNT growth via tuning the tube
diameter into this DWNT region. Importantly, the mean CNT diameter was
found to increase approximately linearly with the thickness of the Fe thin-film
thickness (Fig. 12b). This finding enabled control of the mean CNT diameter
accurately into the DWNT region. The maximum DWNT selectivity achieved
with this approach was 85%. This DWNT selectivity is one of the highest
reported, and it is worth noting that it was achieved on an as-grown sample
without any additional processes implemented to improve selectivity. Super-
growth was implemented to demonstrate highly efficient DWNT syntheses
from these engineered catalyst particles, demonstrating that it is possible to
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Fig. 12. Trends in CNT type and diameter. (a) Phase diagram of the relative
concentration of SWNTs, double-wall carbon nanotubes (DWNTs) and multiwall
carbon nanotubes as a function of the CNT diameter. (b) Plot of CNT mean
diameter as a function of Fe film thickness [165]

grow DWNT forests with the same quality, yield and purity as the SWNT
forests.

Generally, SWNT syntheses have been implemented on insulating sub-
strates, such as Si wafers or quartz. In many cases, growths on conducting
substrates are desired but have resulted in the formation of multiwalled car-
bon nanotubes (MWNTs) or graphite films. Ni-based alloys with Cr or Fe
were found to possess both high durability to the CVD ambient and the
ability to support highly efficient SWNT (DWNT) synthesis [166]. Successful
syntheses of SWNT forests were achieved on various alloy substrates such as,
Inconel 601, YEF 426, NiCr , YEF 50, SUS 310S, covering a wide range of
Ni–Fe–Cr compositions (Fig. 13a). The growth product was mainly SWNTs
with a selectivity of 95%, and the growth yield and quality was comparable
to the level of growth on Si wafers. To demonstrate an easy one-step assem-
bly of CNT devices by this approach, a short DWNT forest was grown on a
1-cm diameter YEF 426 metal cathode (Fig. 13b) as a field electron emitter.
The emission current increased exponentially with increasing electric field
(Fig. 13c), following the Fowler–Nordheim equation. The spatial mapping
of the emission current showed an excellent homogeneity that is evidence of
good electrical contact between DWNTs and the grid substrate. Metal foils
are much more economical and scalable than Si wafers or quartz substrates.
Therefore, this approach would open up an economical route towards the
mass production of SWNT and DWNT forests, and will facilitate flexible
design of device architectures and fabrication processes for CNT devices.

6.1.2 SWNT-Solid

The intrinsic excellent properties of individual CNTs are frequently lost in
macroscopic forms of CNTs. To address this matter, various CNT forms have
been demonstrated ranging from fibers and yarns (Sect. 5), mats, vertically
aligned CNTs (forests), powders, pellets, foams, and sheets. Yet, it is dif-
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Fig. 13. (a) Correlation between components of Ni–Cr–Fe alloys and photographs
of CNT forests grown on them. Symbols indicate the level of SWNT selectivity
(◦ high selectivity; � medium selectivity; × low selectivity). (b) Double/YEF 426
as an electron field emitter. SEM images of a DWNT forest directly grown on a YEF
426 grid. (c) Emission current versus applied voltage profile (the inset shows a
Fowler–Nordheim plot and fit) [166]

ficult to simultaneously retain the fundamental SWNT properties, such as
high surface area and electrical conductivity on a macroscopic scale and have
versatility in creating different shapes. A macroscopic bulk form of CNT ma-
terial called the “SWNT solid” addresses this issue and has aligned densely
packed SWNTs, while retaining the intrinsic properties of SWNTs [167].
When liquids are introduced into the sparse as-grown SWNT forest and dried,
the surface tension of liquids, and the strong van der Waals interaction ef-
fectively “zippers” the SWNTs together in a nearly ideal graphitic spacing.
Liquid-induced collapse shows a 4.5-fold decrease in the two lateral dimen-
sions with no detectable change in the height, producing a ∼ 20-fold increase
in mass density (Fig. 14a). This indicates that alignment of the as-grown
forest is critical in triggering an efficient liquid-induced collapse, which is
understandable because the aligned nature of the growth provides an ideal
condition for optimum van der Waals overlap. The initial 97% empty space
in forests is here reduced to ∼ 50%, and the intertube and innertube vol-
umes become equivalent. The Vickers hardness of the SWNT solid increases
over 70-fold to 7–10, which is comparable with that of highly oriented py-
rolytic graphite (HOPG). The zippering action proceeds without damaging
the tubes. The above characterization highlights the solidness and unity of
the liquid-induced collapsed material, and thus this form was denoted as a
“SWNT-solid”.

The SWNT solid concept can be extended to create a variety of unique
solid structures from as-grown forest material with diverse shapes by con-
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trolling the parameters that influence the collapse process, such as the forest
aspect ratio, the initial liquid contact point, and substrate–forest interac-
tion. For example, lithographically defined as-grown SWNT circular pillars
with [167] a high aspect ratio collapsed from the tip creates well-defined and
patterned SWNT solid needles with a high aspect ratio (Fig. 14b). Another
approach to extend the ability to engineer the shape of the solid is to employ
moderate external forces, such as very light pressure, to direct the direction
of the collapse. For example, applying light pressure in one lateral direction
suppresses collapse in one lateral dimension and creates a bar (Fig. 14d). Sim-
ilar application of light pressure at a shearing angle to the alignment induces
a vertical collapse, without any collapse in both lateral dimensions, results
in a solid sheet (Fig. 14c). Because the SWNTs are directed to lie like a field
of corn stalks flattened by a tractor, the solid sheets maintain a comparable
degree of alignment of the forest. This approach is easily extendable to fabri-
cate strongly adhered solid sheets on desired flat substrates without the use of
bonding agents by simply transferring the forest onto a target substrate and
implementing the collapse process. The ability to engineer the shapes of solids
is beneficial for a multitude of applications requiring high surface area, high
density, aligned, conducting, and flexible or rigid CNT material. The SWNT
solids represent substantial progress towards producing a macroscopic scale,
high-density SWNT material, engineered in both shape and structure, thus
opening diverse functionality that is advantageous for numerous applications,
such as energy storage.

6.2 Organized Assembly of Preformed Nanotubes

The controlled deposition of preformed nanotubes from solution onto a sub-
strate with well-defined structures has been a topic of intense research for
several years [168]. To be able to control the structure of deposited nano-
tubes, external forces, such as electrical, mechanical and chemical interac-
tions, are needed to provide guidance toward the desired structures. One of
the earliest examples of the controlled deposition of nanotubes on a substrate
was developed by Smalley ’s group at Rice University, where surface patterns
with chemically different functional groups are used to guide the structure of
deposited nanotubes [169]. More recently, the affinity of nanotubes to Al2O3

was used as a way to guide nanotubes to specific locations to form nanotube
devices in large numbers (Fig. 15) [170].

Surface patterns with different hydrophobic/hydrophilic functional groups
is another common method to provide forces needed for guided deposition
of nanotubes. A representative example for the use of such methods was
developed by Rao et al. [171] where individual nanotubes or small bundles
of nanotubes were deposited onto a substrate with precise control of their
location and orientation (Fig. 16). More recently, Mirkin and coworkers [172,
173] used the edge of a hydrophilic pattern on a hydrophobic background to
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Fig. 14. (a) Overlaid pictures illustrating the decrease in lateral dimensions before
(gray) and after (black) collapse. The double-ended arrow indicates tube alignment
direction. (b) Engineerable shape: SEM image of an array of lithographically de-
signed solid needles. Scale bar, 500 μm Inset, magnified individual needle. Scale bar,
60 μm. (c) Flexible SWNT solid, engineered into a flattened sheet adhered to a cop-
per sheet. Inset, Photograph of the as-grown forest. (d) SWNT solid, engineered
into a rigid bar [167]

Fig. 15. SEM image of a CNT field-effect tran-
sistor [170]. Functionalized CNTs were assembled
by their chemical affinity for the Al2O3 gate oxide,
then contacted with evaporated gold source and
drain electrodes [170]
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Fig. 16. AFM images showing large-
scale self-assembly of SWNTs: (a) Topog-
raphy (30 × 30μm2) of an array of in-
dividual nanotubes covering about 1 cm2

of a Au surface. The friction-force im-
age (inset) shows a single nanotube (dark
line), and the regions containing 2-mer-
captoimidazole (bright area) and octadecyl-
trichlorosilane (ODT; used to passivate the
SiO2 surface; dark area). (b) Topography
(20 × 20μm2) of an array of junctions with
no nanotube (�), one nanotube (◦), or two
nanotubes (�) covering an area of about
1 cm2. Arrows 1, 2, and 3 indicate ODT, 2-
mercaptoimidazole on Au, and ODT on Au,
respectively [171]

organize nanotubes on a substrate into rings with well-controlled diameters
and locations.

Electric and magnetic forces are also used to align nanotubes into desired
structures. There are many reports on the formation of aligned nanotube
structures under such forces. For example, Smalley and coworkers used a
very strong magnetic field to form films with aligned nanotubes [174–178].
Mechanical force introduced by liquid flow was also demonstrated to align
nanotubes into parallel structures [179]. However, it is the electric forces
that showed the most promising advances in organizing nanotubes into de-
sired structures. Both dc and ac dielectrophoresis have been used to deposit
nanotubes from a suspension onto a substrate with good control of the align-
ment [59–61, 180–183]. Krupke and coworkers [60] used ac dielectrophoresis
forces to precisely align nanotubes into parallel arrays of electrodes (Fig. 17),
and provide a convenient way to make nanotube devices under good con-
trol. The same approach was used to separate metallic and semiconducting
nanotubes [59] (Sect. 4).

Assembly of premade, chemically processed SWNTs on substrates is
also a promising approach for the placement of densely aligned nanotubes.
Langmuir–Blodgett (LB) films have been known for decades as an effec-
tive method for making well-organized organic monolayer patterns. Recently,
Dai and coworkers [184] produced LB films of SWNTs on a large scale us-
ing HiPCO nanotubes as well as laser-ablation-grown nanotubes (Fig. 18).
Suspensions of as-grown laser-ablation and HiPCO SWNTs in 1,2-dichloro-
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Fig. 17. SEM and AFM images of metallic nanotube bundles deposited on electrode
arrays by dielectrophoresis [60] (the right-bottom corner inset shows a topographic
section of a nanotube)

ethane (DCE) solutions of poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phe-
nylenevinylene) (PmPV) were prepared by sonication, ultra-centrifugation
and filtration. The suspension contained mostly individual nanotubes well
solubilized in DCE without free unbound PmPV. PmPV binds to SWNT
sidewalls via π stacking of its conjugated backbone and thus imparts solubil-
ity to nanotubes in an organic solvent. Importantly, DCE was found to be the
only solvent in which PmPV-bound SWNTs remained stably suspended when
free unbound PmPV molecules were removed. The PmPV-treated SWNTs
exhibited no aggregation in DCE over several months. An LB film of SWNTs
was made by adding SWNT DCE solutions to water in a LB trough to form
a layer of SWNTs floating on a water surface upon vaporization of DCE. An
aligned SWNT film was then formed by compressing the SWNTs on a water
surface using two barriers. Such a film was then transferred to a substrate by
simple dipping. AFM microscopy and Raman spectroscopy characterization
revealed high-quality, densely aligned SWNTs (normal to the compression
and substrate pulling direction) formed uniformly over large substrates for
both HiPCO and laser-ablation-derived SWNTs. The height of the film rel-
ative to the nanotube-free regions of the substrate was < 2 nm under AFM,
suggesting a monolayer of packed SWNTs [184].

Aligned SWNT LB monolayers on oxide substrates can be treated as
carbon nanotube on insulator (CNT-OI) materials for patterning and inte-
gration into potential devices, much like how Si on insulator (SOI) has been
used for electronics. Lithographic patterning techniques and oxygen plasma
etching can be used to remove unwanted nanotubes and form patterned ar-
rays for device integrations. The LB assembly of densely aligned SWNTs
can be combined with chemical separation and selective chemical reaction
methods to yield purely metallic or semiconducting SWNTs in a massively
parallel configuration, useful for interconnection or high-speed transistor ap-
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Fig. 18. Langmuir–Blodgett (LB) monolayer assembly of aligned SWNTs. (a) AFM
image of a LB film of HiPCO SWNTs on a SiO2 substrate. (b) AFM image of a LB
film of laser-ablation-grown SWNTs [184]

plications on a large scale. The method is generic in terms of the type of
nanotube materials and substrates.

6.3 Horizontally Aligned Growth

An attractive approach for the organization of carbon nanotubes into hor-
izontal arrays is the directed growth on surfaces by CVD [185], under the
influence of an aligning force, such as an applied electric or magnetic field,
the gas flow or the surface. One can envisage the creation of a variety of car-
bon nanotube arrays by defining the growth of the nanotubes on the surface
in the form of a vector, having an origin, a direction, and a length. The origin
can be defined by patterning the catalyst nanoparticles at specific locations,
while the direction is defined by the aligning force, and the length is con-
trolled by the growth time and rate. Successive or simultaneous steps of such
“vectorial growth” [186] in different directions could yield different carbon
nanotube architectures on surfaces.

6.3.1 Field-Directed Growth

Electric fields can orient carbon nanotubes owing to their large and highly
anisotropic polarizability [187] (as seen in Sect. 4). This can be exploited
for the alignment of carbon nanotubes during their growth. The growth
of SWNTs suspended across lithographic ridges was observed by Dai and
coworkers to be directed into parallel arrays by an electric field, which was
applied by a pair of electrodes outside the ridges on a dielectric substrate
during CVD growth [188], as shown in Fig. 19a. In the absence of an electric
field, the SWNTs grow into random suspended networks (Fig. 19b).

Similar field-directed growth of SWNTs but lying on the surface was
also observed by Joselevich et al. [186, 189] on thermally oxidized silicon
wafers (Fig. 20a). In this case, the nanotubes are believed to grow up from the
surface, and to be aligned by the electric field before they settle down and get
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Fig. 19. Field-directed suspended SWNTs grown between two posts under an
electric field (a) and in the absence of an electric field (b) [188]. The field intensity
in (a) was 0.5 V/μm. The substrate is quartz. The distance between the poly-Si
suspending ridges is 20 μm, and the distance between the outer poly-Si electrodes
is 40 μm

Fig. 20. Field-directed growth of SWNTs on oxidized Si wafers [186]. (a) Aligned
array of SWNTs. The field intensity was 2×106 V/m. (b) Vectorial growth of SWNT
arrays by field-directed growth from Al2O3-supported catalyst islands on the oxi-
dized Si. (c) Bimodal angular distribution of field-directed short SWNTs (L = 200–
600 nm). The solid line indicates a narrow Gaussian distribution around the direc-
tion of the field, which may be attributed to the metallic nanotubes, plus a broad
distribution, which may be attributed to the semiconducting nanotubes. The inset
(scale 2.5 μm) shows the partially aligned SWNTs

pinned to the surface by van der Waals forces. Vectorial growth of SWNTs
from patterned islands of catalyst was used to produce ordered arrays of
parallel 5–20μm long SWNTs on oxidized silicon wafers (Fig. 20b) [186]. In-
terestingly, the angular distribution of short SWNTs (L < 200 nm) grown
under the same electric-field is not normal but bimodal (Fig. 20c). This can
be attributed to the selective alignment of metallic carbon nanotubes, due to
their higher polarizability compared to that of semiconducting ones.

Attempts to organize SWNTs into crossbar architectures by electric field-
directed growth in two dimensions actually led mainly to looped struc-
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tures [190]. This was attributed to the complex shape of the field lines,
and showed the limitations of purely field-directed growth. Crossbar archi-
tectures using field-directed growth were successfully achieved by Joselevich
and coworkers [191] in combination with surface-directed growth (vide in-
fra). Field-directed growth was also used to grow SWNTs between electrodes
to produce self-assembled field-effect transistors [192]. A different interesting
approach combining field-directed growth with surface-directed growth is the
oriented growth of SWNTs using lithographic alumina patterns, which cre-
ated a local electric field due to static charging [193], without the need for
electrodes and applied voltage. In this case, the SWNTs tend to lie perpen-
dicular to the straight or curved edges of the alumina islands. Yet another
approach for the generation of aligned arrays that is somehow related to
electric-field-directed growth is the orientationally selective ablation of ran-
dom networks with a planarly polarized laser [194]. SWNTs lying with a com-
ponent parallel to the plane of polarization were selectively ablated, leaving
on the surface only those nanotubes that are perpendicular to the plane of
polarization.

Magnetic fields were also used to direct the growth of carbon nanotubes
on surfaces in a few cases. Magnetic-field-directed growth of MWNTs was
attributed to the interaction of the magnetic field with the ferromagnetic
Fe catalyst [195]. Magnetic fields were also used to preorient the magnetite
(Fe3O4) nanoparticles from a magnetic bacterium, which were subsequently
used as catalyst for CVD growth [196]. (See contribution by Kono et al.)

Overall, field-directed growth seems to be a useful tool for the organiza-
tion of carbon nanotubes into horizontally aligned arrays. However, a prac-
tical limitation is that the electric field has to be generated by lithographic
electrodes or charging islands, which impose size limitations and could inter-
fere with other elements in functional devices. Also, silicon can significantly
screen the electric field, producing complicated field lines, which are not par-
allel to the surface. Therefore, field-directed growth works fine on dielectric
substrates, but is not ideal for large-scale organization on silicon wafers.

6.3.2 Flow-Directed Growth

Another promising approach to orient SWNTs is to use the feeding gas to
align SWNTs along the flow direction. This method was originally discov-
ered by Liu and coworkers [197–200] using a fast-heating CVD method, in
which the Si wafer containing catalysts patterns were heated quickly to the
reaction temperature by inserting the substrate into the center of a heated
furnace. Figure 21 is a typical SEM image of the nanotubes from the new
“fast-heating” process using Fe/Mo catalyst nanoparticles and CO/H2 as the
feeding gas. AFM height measurements show that the diameters of the nano-
tubes range from 0.8 nm to 2.5 nm, with an average diameter around 1.25 nm.
Note that not all the nanotubes under “fast-heating” are long and oriented.
In the catalyst area there are still many short random nanotubes, relating to
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Fig. 21. SEM image of SWNTs grown with the flow-aligned CVD method

Fig. 22. SEM image of a 2D nanotube net-
work grown using multistep growth [197]

different growth mechanisms, which will be discussed later. So, some of the
nanotubes grown by the “fast-heating” process, using monodispersed Fe/Mo
nanoparticles as a catalyst and CO/H2 as the feeding gas, are long (up to a
centimeter scale), well-oriented, and individual SWNTs. The orientation of
nanotubes was found to be determined by the gas flow.

It has been proved that such a “fast-heating” process is a general method
for growing superlong well-oriented SWNTs on a surface. Such superstruc-
tures of SWNTs can be generated by using different catalysts, other than
Fe/Mo nanoparticles (e.g., pure Fe nanoparticles, Fe/Pt nanoparticles, and
water-soluble molecular Fe/Mo clusters), and different carbon sources other
than CO (e.g., CH4, CH3OH, etc.). It is believed that fast heating is also suit-
able for other SWNT growth systems. Such a big window provides a chance
to control the SWNTs growth for different purposes.

As mentioned above, the long nanotubes from the “fast-heating” process
are well oriented and the direction is determined by gas flow without us-
ing any external forces like a strong electric field. Figure 22 shows an SEM
image of crossed nanotube arrays by a two-times patterning catalyst and a
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two-times growth using Fe/Mo nanoparticles as catalysts and CO/H2 as the
feeding gas. A growth mechanism was proposed by the researchers, where a
key component is that the nanotubes grow above the substrate surface. The
fast-heating process was believed to cause convection of the gas flow due to
the temperature difference between the substrate and feed gas. Such convec-
tion flow of the feed gas lifted the nanotubes upward and kept them floating
and waving in the gas until they were caught by the laminar flow and came
to the substrate. The actively growing nanotubes then floated in the feeding
gas and grew along the flow direction. More recently, a variation of the fast-
heating method, and even methods without the need of the fast-heating step,
were developed for the growth of aligned nanotubes with their growth direc-
tions controlled by the gas flow. For example, Burke and coworkers [201,202]
discovered that the growth of nanotubes from catalysts deposited on a high
platform fabricated on a flat Si wafer can grow long nanotubes not only along
the gas flow but also against the direction of the gas flow. Additionally, no
fast-heating step is needed in these studies. At first sight, the results seem to
contradict the proposed growth mechanism. However, after a closer look, the
nanotube alignment can be explained by the formation of reversed gas flow
reflected by the high platform, and the platform serves as a mechanism to lift
the catalysts and the growing nanotubes above the substrate, which are two
of the key components of the mechanism: nanotubes growing above the sub-
strate and the existence of a gas-flow current to direct the growth direction.
More recently, Kim and coworkers [203] also demonstrated the use of a small
quartz tube inside a large tube to achieve better alignment. It is believed
that the small tubes can achieve better laminar flow of the feeding gas. Li
and coworkers [204] also demonstrated the growth of well-aligned nanotubes
with their directions controlled by gas flow using different catalysts. Overall,
the use of gas flow to determine the growth directions of nanotubes not only
produces aligned nanotubes, but the nanotubes grown in this way are almost
always produced with extremely long lengths. A Raman study along indi-
vidual long nanotubes revealed that the majority of the nanotubes showed a
uniform radial breathing mode spectrum along their whole length, which is
very encouraging for future use of the nanotubes in nanoelectronic devices.

6.3.3 Surface-Directed Growth: “Nanotube Epitaxy”

A promising new approach to carbon nanotube horizontal organization, which
has developed rapidly during the last three years, is the growth of carbon
nanotubes directed by well-defined crystal surfaces, or “nanotube epitaxy”.
Epitaxy generally refers to the “growth of a crystal of one material on the
crystal base of another material in such a manner that its crystalline orien-
tation is the same as that of the substrate”. Epitaxy of inorganic materials
is very important in the semiconductor industry, as well as in many other
fields of technology. Molecular epitaxy [205], which refers to the formation
of organized molecular layers on crystalline surfaces, has a more complex
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nature than the classical commensurate epitaxy of inorganic crystals, and
has been recognized to exist in a hierarchy of different modes: Commensu-
rate, semicommensurate (or “coincident”) and incommensurate (or “orien-
tational”) epitaxy, taking place on atomically flat surfaces; ledge-directed
epitaxy, taking place on vicinal surfaces, which are terminated with atomic
steps; and graphoepitaxy, taking place on nanostructured surfaces. Josele-
vich and coworkers [206] have recently developed different nanotube analogs
to some of these epitaxial modes, followed by other groups. These orienta-
tional heteroepitaxial modes of nanotube growth should not be confused with
the continued growth of SWNTs [114–116] (Sects. 4.4 and 5.1), which may
be considered as a mode of nanotube homoepitaxy.

Different phenomena that can now be considered as early manifesta-
tions of carbon nanotube epitaxy include the aligned electrophoretic depo-
sition of SWNTs on highly oriented pyrolytic graphite C (0001) [43], the
aligned growth of short SWNTs along the low-index directions of Si (100),
Si (111) [207] and Au (111) [208] surfaces, the catalyst-free formation
of SWNTs along or across step edges of 6H-SiC (0001) [209], and the aligned
dry deposition of SWNTs on GaAs (110) [210, 211]. In all these cases, how-
ever, the nanotubes lay in different directions and were often too short to
be considered as organized arrays. The formation of highly aligned, unidi-
rectional and dense arrays of long SWNTs on surfaces was first observed
to form by CVD growth on low-quality C-plane sapphire [212]. The cheap
C-plane sapphire wafers turned out to be miscut a few degrees off the C-
plane, and the SWNT grew along the atomic steps of the vicinal α-Al2O3

(0001) surfaces (vide infra). This mode of surface-directed growth could thus
be related to ledge-directed epitaxy. Later, SWNTs were also shown to grow
along well-defined directions of a variety of other crystal surfaces by different
epitaxial modes. Following a rational order from smaller to larger aligning
features, three different modes of carbon nanotube epitaxy have been iden-
tified so far [206]: lattice-directed epitaxy (by atomic rows), ledge-directed
epitaxy (by atomic steps) and graphoepitaxy (by nanofacets).

Lattice-Directed Nanotube Epitaxy by Atomic Rows

Following the first reports of atomic-step-templated growth of SWNTs on
miscut C-plane sapphire [212], two independent groups reported the observa-
tion of aligned SWNT growth on singular A-plane and R-plane sapphire, i.e.,
α-Al2O3 (112̄0), α-Al2O3 (11̄02), respectively [213, 214], where the SWNTs
grow along the [22̄01] and [11̄01̄] directions, respectively [215, 216]. The pref-
erential growth of SWNTs along these lattice directions was attributed to
higher charge densities along these atomic rows due to electrostatic and
van der Waals forces. The lattice-directed epitaxial growth of SWNTs on
A-plane and R-plane sapphire was recently used for building field-effect tran-
sistors, and a nanotube-on-insulator technology of registry-free nanocircuits
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was proposed [217]. Lattice-directed epitaxial growth of SWNTs will proba-
bly take place on other atomically flat single-crystal substrates. Recently, for
instance, SWNTs were observed to grow on MgO (001) preferentially along
the [110] and [11̄0] directions [218].

Ledge-Directed Nanotube Epitaxy by Atomic Steps

SWNT produced by CVD on miscut C-plane sapphire were shown to grow
along the 0.2-nm high atomic steps of the vicinal α-Al2O3 (0001) sur-
faces [212]. This atomic-step-templated mode of nanotube growth leads to
the formation of dense arrays of highly parallel arrays of SWNTs, as shown
in Fig. 23. The miscut is characterized by an inclination angle θ and an az-
imuth angle φ, as defined in Fig. 23b. The degree of alignment correlates
mainly with the miscut inclination angle θ, while the straightness of the
nanotubes correlates with the azimuth angle φ: When the step direction is
along a low-index direction, such as [112̄0] or [101̄0], the nanotubes tend to
be straight. However, when the steps run along a high-index direction, then
the nanotubes tend to be kinked, with straight segments parallel to the near-
est low-index directions. Some nanotubes present sharp kinks of exactly 30◦,
which could be attributed to single pentagon-heptagon defects induced by
kinked steps. These defects may involve structural changes along the nano-
tubes, constituting interesting metallic–semiconducting intramolecular junc-
tions and superlattices. Single-nanotube Raman spectra from these samples
exhibit a high intensity of D-band peaks, which indicates a significant loss of
translational symmetry, consistent with this picture [219]. Polarized Raman
measurements confirm the preferred orientation of the SWNTs along low-
index directions [220]. A “wake-growth mechanism” has been proposed [212],
where the catalyst nanoparticle slides along the step leaving the nanotube
behind as a wake. Recent AFM images of SWNTs grown on well-defined
vicinal α-Al2O3 (0001) surfaces (Fig. 23d), succeeded to resolve the densely
packed atomic steps, and confirmed that the SWNTs continuously follow the
atomic steps [220].

Ledge-directed nanotube epitaxy was recently observed also on miscut
quartz [221]. In this case, the surface consists of vicinal α-SiO2 (11̄01) with
steps running along the [2̄11̄0] direction. SWNTs grown on this surface
by CVD form along the steps, similarly as on vicinal α-Al2O3 (0001). The par-
allel arrays of SWNTs on quartz were used as thin-film transistors. Patterning
of the catalyst allowed the formation of spatially selective arrays of SWNTs,
and their integration into submillimeter thin-film transistors [222].

Nanotube Graphoepitaxy by Nanofacets

“Graphoepitaxy” is a mode of incommensurate epitaxy that generally refers
to the orientation of crystals or periodic molecular assemblies by relief fea-
tures of the substrate, such as steps or grooves, which can be significantly
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Fig. 23. Nanotube formation along the atomic steps of miscut C-plane sapphire,
i.e., vicinal α-Al2O3 (0001) [212]. (a) Model of a kinked SWNT grown along an
atomic step on the background of an AFM topographic image of a real sample.
(b) Definition of the step vector s = (c/c) × n, miscut inclination θ, and miscut
azimuth φ, where c is the principal lattice vector and n is a unit vector normal to
the surface. A top-view model of the vicinal surface is shown below. (c) Large-
scale SEM micrograph of SWNTs grown on a vicinal α-Al2O3 (0001) surface.
(d) High-resolution AFM topographic image providing a direct observation of the
atomic steps on the surface, and a SWNT tightly following one of the steps [220]

larger than the lattice parameter [223, 224]. Graphoepitaxy of SWNTs was
demonstrated on thermally annealed miscut C-plane sapphire [206]. When
the vicinal α-Al2O3 (0001) surfaces are annealed at 1100 ◦C, the thermody-
namically unstable atomic steps of 0.2 nm height bunch together into periodic
nanosteps of 1.3 nm to 4 nm height. SWNTs grown by CVD on these period-
ically faceted surfaces generate a variety of morphologies, depending on the
shape and surface energy of the nanofacets. As shown in Fig. 24, annealing
of a C-plane sapphire miscut in different directions can yield nanofacets with
a variety of morphologies (straight or sawtooth) and different surface ener-
gies. SWNTs produced on these nanofaceted surfaces (Fig. 25d) can have
different morphologies (straight, wavy and ultrastraight). SWNTs grown on
metastable nanofacets are especially straight, with angular deviations of less
than ±0.5◦, for lengths of up to 100μm (Figs. 25a and b). This can be at-
tributed to the high surface energy of these nanofacets, which makes them
particularly sticky toward the nanotubes.
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Fig. 24. Flow chart describing the formation of possible morphologies of carbon
nanotube graphoepitaxy by miscut of C-plane sapphire, annealing, and CVD [206].
(a) Equilibrium shape of α-Al2O3, with facets C{0001}, R{11̄02}, S{101̄1},
P{112̄3}, and A{112̄0}, in order of increasing surface energy. The same drawing
is used to show the different miscut directions. (b) Miscut toward [11̄00] produces
a vicinal α-Al2O3 (0001) surface with atomic steps along [112̄0]. (c) Annealing leads
to R-faceted nanosteps. (d) SWNTs grow straight along [112̄0] (the ball represents
the catalyst nanoparticle). (e) Miscut toward [12̄10] produces a vicinal α-Al2O3

(0001) with atomic steps along [101̄0]. (f) Annealing initially leads to metastable
P-faceted nanosteps. (g) SWNTs grow straight along [101̄0]. (h) Further annealing
from (f) leads to sawtooth-shaped S/R-faceted nanosteps. (i) SWNTs grow loosely
conformal to the sawtooth-shaped nanosteps, with segments along [112̄0] and [21̄1̄0]

Nanotube Epitaxy Combined with External Forces

Combinations of nanotube epitaxy with field-directed or flow-directed growth
offer the possibility of generating more complex carbon nanotube patterns.
For instance, crossbar architectures are especially desired for nanoelectron-
ics, as they constitute the basis of most logic and memory elements in com-
puting devices [225]. Crossbar arrays of single-wall carbon nanotubes were
spontaneously produced in a single CVD step by simultaneous graphoepi-
taxy and field-directed growth, perpendicular to each other [191], as shown
in Fig. 26. The two alignment mechanisms take place selectively on miscut C-
plane sapphire and patterned amorphous SiO2 islands, respectively, without
mutual interference, producing dense nanotube grids, with up to 12 junctions
per μm2. This one-step method of orthogonal self-assembly may open up new
possibilities for nanotube circuit integration. In principle, nanotube epitaxy
should also be compatible with other external forces, such as in flow-directed
growth (vide supra).

Judging by these examples, nanotube epitaxy seems to be rapidly evolv-
ing into an efficient approach for the organization of aligned arrays of SWNTs
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Fig. 25. Graphoepitaxial SWNTs on different annealed miscut C-plane sap-
phire [206]: (a) Straight nanosteps along [101̄0], as in Fig. 24g, observed by SEM.
(b) AFM image of (a), showing the nanosteps. (c) Nanosteps along [112̄0], as in
Fig. 24d. (d) Highly faceted sawtooth-shaped nanosteps along [101̄0], as in Fig. 24i

with a variety of morphologies, including highly straight, kinked, wavy and
crossed. Some of these arrays have been already integrated into thin-film
transistors. An intriguing open question that remains is whether all of these
modes of nanotube epitaxy are indeed incommensurate, or may there be at
least some degree of commensurism or registry between the surface lattice
or the ledges, and the curved graphene lattice of the nanotubes. If this were
the case, then one could expect a certain degree of control over the chirality
and handedness of the nanotubes. Another question of greater practical im-
plications toward future applications of nanotube epitaxy in nanoelectronics
concerns the degree of atomic perfection and the electronic properties of the
epitaxial nanotubes. Moreover, it is not yet clear whether or not the atomic
steps and rows or nanofacets perturb the electronic properties of the nano-
tubes. The fact that these epitaxial substrates are bulk dielectric materials
has also made their integration and electrical characterization difficult. A pos-
sible solution would be to develop a procedure for transferring the organized
nanotubes from the epitaxial templates onto silicon wafers, or onto predefined
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Fig. 26. Orthogonal self-assembly of SWNT crossbar architectures by simulta-
neous graphoepitaxy and field-directed growth, in a single step of CVD [191].
(a) Schematic representation of the process, showing the annealed miscut C-plane
sapphire with nanosteps along the [112̄0] direction, while the electric field is applied
perpendicularly to the steps. The nanotubes originating from catalyst nanoparti-
cles lying on the sapphire (Al2O3) grow along the faceted nanosteps, while the
nanotubes emerging from the catalyst on patterned amorphous SiO2 stripes grow
freely without interacting with the surface, in a way that allows their alignment
by the electric field, eventually falling across the nanotubes grown on the sap-
phire. (b) SEM image of a dense SWNT grid obtained by simultaneous graphoepi-
taxy and field-directed growth (miscut inclination angle θ = 4◦, field intensity
E = 2 × 106 V/m)

target structures. Progress in these directions may enable the realization of
many applications.

6.3.4 Patterned Growth on Surfaces

Another important aspect of the organization of carbon nanotubes on surfaces
is not only their orientation, but also their location. One approach to control
the placement of SWNTs is to control the sites from which nanotubes are
grown by patterning catalyst particles on a substrate [5]. The initial idea
of such patterned growth was demonstrated with micrometer-scale islands
of catalyst patterned on SiO2/Si wafers (Fig. 27a). Approximate location
control of SWNTs (without orientation control) was obtained by chemical
vapor deposition (CVD) growth of nanotubes from the catalyst islands. Since
the initial patterned CVD growth demonstration, single-catalyst particle (∼
2 nm Fe clusters) patterning on substrates and orientation control of SWNTs
grown by CVD have been actively pursued [226]. Single catalyst-nanoparticle
patterning (Fig. 27b) for SWNTs growth by CVD was recently achieved
(Fig. 27c).
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Fig. 27. Patterned growth of SWNTs. (a) Previous growth from micrometer-sized
catalyst island (white structure) [5]. (b) AFM image of a recently made regular
array of individual Fe clusters [226]. (c) SWNTs grown from the single-particle
array

7 Summary and Outlook

Mass production, selective production, and organization of carbon nanotubes
continue to be major synthetic challenges toward future applications. Signifi-
cant advances during the last five years include the development of new CVD
methods for mass production and for aligned growth on surfaces, both verti-
cally and horizontally. Mass production and vertically aligned growth by CVD
have been significantly boosted by the discovery of “supergrowth”, adding
small amounts of water to the CVD precursor or using alcohol as the carbon
feedstock, to inhibit the formation of amorphous carbon, and thus to enhance
the formation of clean carbon nanotubes. A fundamental key to further in-
crease the control of carbon nanotube synthesis is understanding the different
mechanisms of formation of carbon nanotubes, which determine their struc-
ture, electronic properties and arrangement. Since the mechanisms of CVD
growth are not yet fully understood, further mechanistic insight will proba-
bly have an impact on the yield, purity and selectivity of CVD growth. An
important development in this direction has been the direct observation of
nanotube growth under the TEM [227].

We have seen promising advances in the selective production of carbon
nanotubes, as well as in the continued growth of carbon nanotubes with con-
servation of their initial (n,m) structure. Single-wall carbon nanotubes have
been sorted by length, electronic type and diameter using a variety of physi-
cal and chemical methods. Combinations of these methods promise to enable
the production of nanotube fractions with progressively narrower (n,m) dis-
tribution. However, the selective production of pure nanotube samples with
a unique (n,m) structure is a challenge yet to be met.

An important synthetic advance toward application of carbon nanotubes
as structural and textile materials has been the development of new methods
for spinning carbon nanotube fibers, either from liquid suspension, from dry
forests, or directly from the CVD zone during growth. The mechanical prop-
erties of these carbon nanotube fibers are remarkable, but are still inferior to
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those of individual carbon nanotubes. Approaching the nanoscopic properties
at a macroscopic scale will probably require a better control, not only of the
nanotube length and alignment, but also of the nanotube–nanotube inter-
actions. Textile processing of carbon nanotubes into ultrastrong or “smart”
clothing could be an exciting outcome to be seen soon.

Finally, the organization of carbon nanotubes into horizontally aligned ar-
rays on surfaces, which continues to be a major challenge toward integration
into nanocircuits, has been significantly advanced by the development field-
directed, flow-directed and surface-directed growth. Flow-directed growth has
allowed the controlled production of macroscopically long carbon nanotubes
on surfaces. More recently, aligned growth by orientational epitaxy on well-
defined crystal surfaces, directed by atomic steps, nanofacets or atomic rows,
has opened up new ways of organizing nanotubes on surfaces into perfectly
aligned arrays, as well as more complex morphologies. In addition to the
control of nanotube orientation, there is still a need for better control of the
nanotube location. This requires a reliable method for patterning catalyst
nanoparticles that nucleate carbon nanotubes with a 100% yield. Thanks to
encouraging advances in this direction, the combination of patterned growth
with orientational control is a promising prospect, which could greatly ad-
vance nanotube electronics in the next few years.
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