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ABSTRACT: Single-walled carbon nanotubes (SWNTs) emerge as a promising material to
advance carbon nanoelectronics. However, synthesizing or assembling pure metallic/semiconducting SWNTs required for interconnects/integrated circuits, respectively, by a conventional
chemical vapor deposition method or by an assembly technique remains challenging. Recent
studies have shown signiﬁcant scientiﬁc breakthroughs in controlled SWNT synthesis/assembly
and applications in scaled ﬁeld eﬀect transistors, which are a critical component in functional
nanodevices, thereby rendering the horizontal SWNT array an important candidate for innovating
nanotechnology. This review provides a comprehensive analysis of the controlled synthesis, surface
assembly, characterization techniques, and potential applications of horizontally aligned SWNT
arrays. This review begins with the discussion of synthesis of horizontally aligned SWNTs with
regulated direction, density, structure, and theoretical models applied to understand the growth
results. Several traditional procedures applied for assembling SWNTs on target surface are also
brieﬂy discussed. It then discusses the techniques adopted to characterize SWNTs, ranging from
electron/probe microscopy to various optical spectroscopy methods. Prototype applications based
on the horizontally aligned SWNTs, such as interconnects, ﬁeld eﬀect transistors, integrated circuits, and even computers, are
subsequently described. Finally, this review concludes with challenges and a brief outlook of the future development in this research
ﬁeld.
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1. INTRODUCTION
Although the hollow structures of carbon ﬁber, hereafter
referred to as carbon nanotubes, were evidenced by transmission electron microscopy (TEM) as early as 1952,1 it was
not until 1991 that Sumio Iijima explained what they were and
named them.2 These needle-shaped structures were determined to be multiwalled carbon nanotubes comprised of
coaxial tubes with shell numbers greater than two.2 Carbon
nanotubes having a single shell were later synthesized by
coevaporation of transition metal and graphite utilizing the arcdischarge method.3,4 The structure of a single-walled carbon
nanotubes (SWNT) can be derived from a piece of graphene
monolayer, which is rolled up along a chiral vector (Ch) to
form a seamless cylinder (Figure 1a). The SWNT diameter (d)
is deﬁned by dividing the length of Ch by π. The chiral angle
(θ) represents the angle between Ch and the graphene lattice
vector (a1). Therefore, the SWNT structure can be explicitly
determined by (d, θ) deduced from Ch, and Ch = n × a1 + m ×
a2, where a1 and a2 are the unit vectors. The structure of a
formed SWNT can be alternatively described with chiral
indices (n, m). All the geometric properties of an SWNT can
be computed from (n, m) or (d, θ).5 Because of the hexagonal
symmetry of the graphene lattice, 0 ≤ m ≤ n are the chiral
vectors necessary to consider and all the chiral angles are
within the range of 0°−30°, as the rest are equivalent.
According to the chiral indices and angle values, SWNTs can
be classiﬁed into three types: armchair (n = m, θ = 30°), zigzag
(m = 0, θ = 0°), and chiral (n ≠ m, 0° < θ < 30°).6
The properties of SWNTs are usually described in terms of
those of graphene due to their structural similarity. In
graphene, each carbon atom is covalently bonded with three
other carbon atoms by sp2 hybridization.7 Such covalent sp2
bonds are maintained in SWNTs, rendering them one of the
strongest and stiﬀest materials discovered thus far.8 For
example, the axial Young’s modulus of SWNTs can be as
high as one Tera pascal, enabling a series of superstrong yet
lightweight applications from racing bikes to space elevators.9
In comparison to the mechanical properties of graphene,
SWNTs possess more complex electronic structures. Figure 1b
shows the band structure (top) and Brillouin zone (bottom) of
graphene.10 At the Fermi energy, the valence and conduction
bands touch at six points, and among these points, there are
only two inequivalent points, the K and K′ points. At the Dirac
points, the density of states (DOS) vanishes, indicating that
graphene can be considered a zero-gap semiconductor or
semimetal.7 In SWNTs, the energy dispersion is reduced to a
series of 1D subbands (red lines) superimposed on 2D
graphene. If the lines intersect the K and K′ points, the SWNT
is metallic; otherwise, it is semiconducting. The electronic
properties of SWNTs are well reﬂected by their DOS.11,12
Figure 1c shows the DOS for two SWNTs with chiralities of
(9, 9) and (11, 7), which are plotted in units of states per unit
cell of 2D graphene, and Sharp Van Hove singularities (VHs)
appear in the DOS of both SWNTs at higher energies, which is
a characteristic of 1D energy bands. At the Fermi level (E = 0)
of the (9, 9) SWNT, there is a ﬁnite DOS, indicating that it is a
metal. In contrast, an energy gap appears at the Fermi level of
the (11, 7) SWNT, denoting it is a semiconductor. Theoretical
and experimental studies prove that a (n, m) SWNT is metallic
if n-m = 3q, where q is an integer.13 Owing to the curvature
eﬀect, only armchair (n = m) SWNTs are truly metallic, and
other metallic SWNTs (n ≠ m) exhibit a chirality-dependent
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Figure 1. SWNT structure. (a) An SWNT is viewed as rolling a graphene ribbon along chiral vector Ch and (b) the band structure and Brillouin
zone of graphene. Reproduced with permission from ref 10. Copyright 2007 Springer Nature. (c) Atomic and electronic structures of the (9, 9) and
(11, 7) tubes. (d) Calculated gap energies as a function of the SWNT diameter, later known as the Kataura plot. Reproduced with permission from
ref 17. Copyright 1999 Elsevier Inc.

energy gap at low temperatures.14 The remaining SWNTs with
n − m = 3q ± 1 are all semiconducting.15 As a result, one-third
of all possible SWNTs are metallic and two-thirds are
semiconducting. In Figure 1b, the separation of the subbands
is inversely proportional to the SWNT diameter, so that the
energy bandgap of semiconducting SWNT, which is twice the
subbands’ distance to the Fermi energy, follows the same
dependence. By varying the SWNT diameter, the bandgap of
SWNTs can ﬂuctuate in the range of 0−2 eV.13
The optical properties of SWNTs also rely on their band
structures. Each (n, m) SWNT exhibits a unique set of VHs in
its valence and conduction bands, between which, there exists a
diﬀerent set of electronic transition energies for optical
transition. Generally, Eii (i = 1, 2, 3...) denotes the electronic
transition energies between the valence and conduction bands
having the same symmetry. Crossover transitions are dipoleforbidden and thus extremely weak.16 Using the tight-binding
method, Kataura et al. calculated the Eii for all SWNTs in the
diameter range of 0.6−1.8 nm (Figure 1d), which was later
named the Kataura plot17 and has been widely applied to
interpret the optical spectra of SWNTs. The existence of direct
band gap and well-deﬁned band structure in SWNTs is
important for their optical and optoelectronic applications.
Besides the above-mentioned mechanical, electrical, and
optical properties, the magnetic, electromagnetic, thermal,
chemical, and electrochemical properties of SWNTs are of
great interest.15
Along with their other remarkable properties, their
electronic properties make SWNTs one of the most promising
candidates capable of making advances in computing power

and energy eﬃciency in the postsilicon era.18 In particular,
semiconducting SWNTs have shown excellent performance
acting as a channel material in transistors.19 The high carrier
mobility and saturation velocity, the low surface state density,
and the atomic thickness of the SWNT body oﬀer the
possibility of high-speed device operation, high gate and energy
eﬃciency, as well as near-perfect electrostatic control of
electron movement. Prototype ﬁeld-eﬀect transistors (FETs)
made from semiconducting SWNTs demonstrate high
mobility, low turn-on voltages, and subthreshold slopes near
the thermal limit, which exceeds the properties of modern Si
technologies. 20 Metallic SWNTs are suggested as an
interconnecting material due to their low scattering and
excellent thermal conductivity, which allows them to withstand
a current density exceeding 109 A/cm2 without heat sinks.21
The past decade witnessed the progress of carbon nanotube
technology from single tube FETs to digital logic circuits to a
miniature computer.22,23 Theoretically, it is predicted that an
SWNT computer would be an order of magnitude more
energy eﬃcient than the best silicon computers. In 2013, the
ﬁrst computer whose central processor is based entirely on
SWNT-based transistors was fabricated.22 The processor
contains only 178 SWNT transistors that implemented only
a single instruction operating on a single bit of data. Although
the computer is slow and simple, it is a considerable
advancement for the next generation of highly energy-eﬃcient
electronic systems. In 2019, signiﬁcant progress toward
fabricating a commercial chip was made by creating a 16-bit
processor.23 Although this microprocessor is comprised of
more than 14 000 complementary metal−oxide−semiconducC
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breakthrough in synthesizing SWNTs with narrow chirality
distribution, i.e., dominant (6, 5) and (7, 5) species, was ﬁrst
made using the CoMoCAT process31,32 (Figure 2c). By ﬁnely
tuning the growth parameters, colorful thin SWNT ﬁlms with
very narrow chirality distributions were directly synthesized by
ﬂoating CVD33 (Figure 2d). Because of the strong van der
Waals (vdWs) intertube interactions, the SWNTs produced
are generally bundled together. Prior to nanodevice fabrication,
such as single tube FET and integrated circuit, these SWNTs
must be isolated and placed in targeted positions with proper
orientations. Nevertheless, the separation and dispersion
processes not only shorten the SWNTs but also introduce
defects and remnant molecules on the SWNT surfaces.
Although SWNT arrays with very high density are readily
obtained on diﬀerent substrates with postgrowth approaches,
such as dielectrophoresis (DEP)34 and Langmuir−Blodgett
(LB),35 devices made from these SWNTs usually exhibit poor
performance. As a result, surface growth of SWNTs is
emerging as a promising approach for achieving isolated,
defect-free SWNTs on oxide substrates (Figure 2e).36
Particularly, horizontally aligned SWNT arrays (HASAs)
directly synthesized on ﬂat substrates have perfect structures
and can be centimeters in length, which could be high quality
and have good spatial control (Figure 2f).37 Therefore, they
are ideal candidates for fabricating arrays of devices such as
FETs and interconnects, because their parallel transport
pathways can sustain relatively large currents and minimize
device to device variations.
Driven by the potential applications, signiﬁcant progress has
been made in growing HASAs with controlled direction,38
ultrahigh density,37 ultralong length,39 speciﬁc diameter and
conductivity,40 and even deﬁned chirality.41 FETs and thin ﬁlm
transistors (TFTs) made from the HASAs have also exhibited
intriguing performances.42,43 Despite the progress, many
challenges exist in building computing elements from
HASAs. For example, a semiconducting SWNT purity of
99.99% is required to fabricate working transistors,44 which is
signiﬁcantly higher than the concentration (67%) of semiconducting species synthesized by conventional CVD.45
Meanwhile, weak spatial control, low areal density, and limited
control over SWNT chirality, inhibit attaining SWNT FET
arrays with identical transport properties and high current
carrying capacity.46 Moreover, techniques applied to fabricate
nanodevices can be further improved to explore the
extraordinary properties of HASAs fully. To this end, this
study reviews the overall progress of HASAs research (Figure
3). We begin with the CVD synthesis of HASAs, understanding of the SWNT growth mechanism, and eﬀorts in
orientation, density, length, diameter, conductivity, and
chirality-controlled synthesis will be extensively discussed.
Solution approaches adopted for assembling SWNTs onto
diﬀerent substrates will then be brieﬂy summarized. Subsequently, the conventional techniques applied to characterize
SWNTs, and techniques particularly applied for characterizing
HASAs, will be addressed. Next, we provide a review of the
device fabrication of HASAs in diﬀerent ﬁelds based on their
conﬁgurations and exceptional properties. The last section
presents the prospects and challenges of HASAs, in view of
fundamental research and industrial application, which could
guide the future development of HASAs research.

tor SWNT FETs, it is still far from a modern central processing
unit. The sluggishness of the SWNT computer is partly due to
the imperfection of the SWNT materials. To fabricate highperformance integrated circuits, it is necessary to assemble
billions of identical SWNTs onto predetermined places on a
chip,24 which is one of the most challenging tasks in the
SWNT research ﬁeld.
The precondition for achieving the cutting-edge applications
of SWNTs is to synthesize them in a controlled manner.25
Since the landmark work of SWNT synthesis,3,4 multiple
techniques have been devoted to synthesizing SWNTs.26
Among them, chemical vapor deposition (CVD) is the most
promising method to produce SWNTs in terms of increased
growth-related control and low cost.27 Thus far, the growth of
SWNTs has been mainly divided in two directions: one aims at
producing high-quality SWNTs in large quantities, the other is
to synthesize SWNTs with controlled conﬁgurations. For
example, a high-pressure CO (HiPco) process has demonstrated an SWNT production output of 10 g/day since 1999.28

Figure 2. SWNTs in diﬀerent morphologies. (a) SEM image of
randomly oriented, bundled HiPco SWNTs. Reproduced with
permission from ref 29. Copyright 2001 American Chemical Society.
(b) Optical image of a 2.5 mm tall SWNT forest. Reproduced with
permission from ref 30. Copyright 2004 American Association for the
Advancement of Science. (c) SEM image of CoMoCAT SWNTs.
Reproduced with permission from ref 32. Copyright 2006 American
Chemical Society. (d) Optical image of colorful SWNT ﬁlms on
ﬁlters. Reproduced with permission from ref 33. Copyright 2018
American Chemical Society. (e) Atomic force microscopy image of
individual SWNTs grown on surface. Reproduced with permission
from ref 36. Copyright 1998 Springer Nature. (f) SEM image of
horizontally aligned SWNT array. Reproduced with permission from
ref 37. Copyright 2015 Springer Nature.

Figure 2a presents a scanning electron microscopy (SEM)
image of the HiPco SWNTs,29 which consist of randomly
oriented, bundled tubes. Materials with similar shapes but
larger diameters were also observed in Tuball SWNTs,
produced by Russia’s OCSiAl company, which owns the
world’s largest facility capable of producing 75 tons of high
quality SWNTs annually. The lack of support/substrate or
ﬂoating of the catalyst during CVD could account for the
random orientations of the SWNTs.28 By depositing thin
catalyst ﬁlms on ﬂat substrates, well aligned, millimeter tall
SWNT forests were eﬃciently synthesized with a carbon purity
above 99.98% (Figure 2b).30 Despite mass production of the
agglomerates, the generated SWNTs exhibit limited control
over the SWNT diameter or the chirality structure. A
D

https://dx.doi.org/10.1021/acs.chemrev.0c00395
Chem. Rev. XXXX, XXX, XXX−XXX

Chemical Reviews

pubs.acs.org/CR

Review

SWNT growth mechanisms. Both environmental TEM and
theoretical modeling have been widely applied to monitor or
mimic the SWNT growth process, which can be divided into
four steps: catalyst activation, SWNT nucleation, SWNT
growth, and growth termination caused by catalyst deactivation. Each of these steps will be discussed in detail separately in
this section.
2.1.1. Catalyst Activation. Generally, SWNT can hardly
be synthesized without adding catalysts, which highlights the
signiﬁcance of the catalyst during the SWNT growth process.
Although nanoparticles containing diﬀerent metals,31,47−49
metal oxides,50 metal carbides,51 or nonmetallic oxides52,53
have been applied for catalyzing SWNT growth, nanoparticles
with suitable diameters are not all active for growing SWNTs54
and catalyst activation is a precondition for SWNT nucleation.
For Fe-family transition metal nanoparticles, including Fe, Co,
and Ni, the active phases were determined to be either the
metallic state or metal carbide,55 which is dependent on the
reactive environment. As the starting catalysts are primarily in
the oxide state due to the catalyst preparation process,
reductive gases, such as H2, carbon monoxide (CO), or
carbon precursors, which can generate reductive species upon
decomposition, should be introduced to the reaction environments during the CVD growth process. In most cases, the

Figure 3. Preparation, characterization, and applications of HASAs.

2. CHEMICAL VAPOR DEPOSITION SYNTHESIS OF
HORIZONTALLY ALIGNED SWNTS
2.1. Growth Mechanisms of SWNTs

Since the original research on SWNT synthesis, there has been
a considerable amount of research pertaining to investigate

Figure 4. Catalyst characterizations prior to SWNT nucleation. (a) H2-TPR proﬁle of a Co−SiO2 catalyst. Reproduced with permission from ref
56. Copyright 2011 Royal Society of Chemistry. (b) H2-TPR proﬁles of a CoSO4−SiO2 catalyst and several cobalt catalysts. Reproduced with
permission from ref 58. Copyright 2013 American Chemical Society. (c) Environmental TEM image of reduced Co nanoparticles. Reproduced
with permission from ref 59. Copyright 2013 Springer Nature. (d) X-ray photoelectron spectra of Au nanoparticles after plasma treatment,
reduction, and the CVD process. Reproduced with permission from ref 70. Copyright 2007 American Chemical Society. (e) Adsorption energies of
−CH4 on Si and the SiOx surface. Reproduced with permission from ref 54. Copyright 2011 American Chemical Society. (f) Time sequence of
environmental TEM images of a Co7W6 particle at 1000 °C in the presence of 51 Pa CH4. Reproduced with permission from ref 77. Copyright
2019 American Chemical Society.
E
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calculations, which investigated the eﬀect of oxygen on the
adsorption of CHx species. Figure 4e compares the absorption
energies of −CH4 on the surfaces of Si(111) and SiOx.54 The
absorption energy on the Si(111) surface is positive, suggesting
the adsorption is unfavorable. In contrast, the absorption
energy of −CH4 on the SiOx surface is −0.24 eV. The
enhanced absorption ability of SiOx is attributed to the
presence of the O atom, which forms hydrogen bonding with
−CH4, thus providing more opportunities for C−C coupling
and SWNT nucleation. Previous reports also demonstrated the
feasible formation of graphitic shells on a variety of metal
oxides, where O chemically bonds to carbon species.73
Besides SiOx, other oxide nanoparticles, such as TiO2,
Cr2O3, and ZrO2, have also been demonstrated to catalyze the
carbon nanotube growth.50,74 The common feature of these
catalysts is that they possess high melting temperatures and are
diﬃcult to reduce in the reaction environment. As observed by
in situ TEM, SiOx nanoparticles showed negligible structural
ﬂuctuation at highly reactive conditions.54 In addition, carbide
nanoparticles,40 diamond nanoparticles,75 and some speciﬁc
alloys76,77 also exhibit extremely high chemical and structural
stability. Figure 4f shows a time-sequence of three still
environmental TEM images of a Co7W6 nanocrystal exposed
to CH4 at 1000 °C.77 The particle preserved its original
morphology and showed no surface elemental interdiﬀusion or
segregation during the investigation period. Under optimized
CVD growth conditions, graphite islands could form on certain
facets of the solid catalyst and convert into SWNT cap via a
vapor−solid−solid mechanism.78
2.1.2. Nucleation Thermodynamics of SWNTs. After
catalyst activation, the SWNT cap nucleates on the catalyst
surface by the assembly of excess carbon atom. In a typical
vapor−liquid−solid model, dissociated carbon atoms continuously dissolve inside a liquid particle, and supersaturation
leads to the formation of solid phase SWNTs. The molecular
dynamics (MD) simulations oﬀer high spatial and temporal
resolutions of the SWNT nucleation process,79,80 thus
providing more detailed information that cannot be achieved
experimentally. Based on MD simulations, the SWNT
nucleation process initiates with the formation of a carbon
“cap precursor”, which subsequently transformed into an
SWNT through sidewall construction between the nucleated
cap precursor and the catalyst particle.79
Page et al. presented the evolution of an SWNT cap
nucleation trajectory, which begins with the binding and
diﬀusion of C2 units on the metal surface.79 The diﬀused C2
could fuse and form longer polyyne chains, which is the ratelimiting step of the nucleation process and takes a long time.
Because of the increasing carbon−metal interaction, catalyst
surface progressively disintegrates, accompanied by the
preferential formation of 5- and 6-membered rings to
accommodate the catalyst surface curvature. Subsequently, a
network of sp2 bonded carbons will create a half-fullerene
cap,81 the edge carbon atoms of which are covalently bounded
to the catalyst surface. In particular, the catalyst not only
impedes polyyne diﬀusion by localizing the decomposed
carbon species but also prevents the closure of the nucleating
cap. With the extension of the cap fragment structure, the
larger π-conjugated carbon atoms become less active and more
inert, resulting in the cap lift oﬀ from the catalyst surface.82
With a continuous supply of carbon atoms, the reaction occurs
predominantly in the catalyst-carbon boundary area, thus
promoting the SWNT sidewall growth.82

catalyst reduction temperature is coherently related to the
lowest temperature above which SWNTs can grow on the
catalyst.48,56 For example, Figure 4a presents the H2-temperature-programmed reduction (TPR) proﬁle of an SiO 2
supported Co catalyst.56 The H2 consumption, correlated
with the catalyst reduction, is reﬂected by the detection of H2O
formation using mass spectrometry. It is evident that the
catalyst starts to reduce at a temperature close to 500 °C,
which is the lowest temperature where SWNT growth occurs.
With the introduction of CO at a reaction temperature higher
than 500 °C, part of the Co catalyst is reduced, forming
isolated Co nanoparticles on the SiO2 surface, while the
residual Co cations serve as anchors, which constrain the
mobility of the reduced metallic Co particles, facilitating the
subsequent nucleation of small diameter SWNTs. Such a
conjecture was later veriﬁed by density functional theory
(DFT) calculations,57 which revealed that the binding energy
between reduced metal atom and the underlying substrate is
increased with the presence of unreduced metal cations.
Extensive H2-TPR studies and environmental TEM investigations on numerous catalyst systems have shown that the
SWNT nucleation/growth temperatures are higher than the
threshold temperatures for catalyst reduction (Figure
4b,c).58,59 Therefore, to facilitate the synthesis of SWNTs at
low temperatures, it is necessary to promote the catalyst
reduction, which could be realized by a synergistic eﬀect.60,61
For example, in an FeCu-MgO catalyst, the CuO could be
easily reduced at temperatures below 300 °C in a CO
atmosphere. The reduced Cu tend to adsorb and “spillover”
the reductive CO to adjacent FeOx, which accounts for the
reduction of FeOx and the growth of SWNTs at 600 °C.62,63 In
contrast, a monometallic Fe-MgO catalyst can only grow
SWNTs at temperatures higher than 700 °C.64 Similar
synergistic eﬀect could exist in other catalyst systems, such
as FeRu,47 FeMn,64 FePt,65 CoCu,66 and CoMo.31 Upon
reduction, phase separation occurs,65,66 leading to the
generation of reduced monometallic nanoparticles, further
highlighting the importance of reduction in catalyst activation.
At elevated temperatures, carbon diﬀusion through or on the
catalyst surface could occurs through a vapor−liquid−solid
mechanism,67 resulting in the nucleation of SWNTs.
Noble metals including Au, Ag, Pt, Ir, Rh, and Pd could also
be active for SWNT growth.49,68,69 After catalyst preparation
or deposition onto the substrate, air calcination or oxygen
plasma treatment is generally applied to eliminate possible
contaminants or a polymeric shell coating on the metal
surface.70 Simultaneously, a thin oxidation could be generated
on the catalyst surface. Figure 4d presents X-ray photoelectron
(XPS) spectra of Au nanoparticles at diﬀerent stages. The
peaks with higher binding energies are evidently correlated
with the oxidation layer formation, which are unstable and
readily converted to a metallic state at high reaction
temperatures. However, it was discovered that the unstable
surface gold oxide is crucial for carbon assembly on the catalyst
surface by accepting electrons from the carbon feed,71 thereby
acting as a sacriﬁcial catalyst. In contrast, hardly any carbon is
deposited on the untreated Au nanoparticles.72 The
importance of oxygen was also reported when using SiOx as
the catalyst for growing SWNTs.54 Both in situ TEM and ex
situ experimental results showed that solid SiOx nanoparticles
are active for SWNT growth, while reduced Si nanoparticles
with similar diameters are inactive. The role of oxygen in the
catalytic growth of SWNTs was elucidated through DFT
F
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Figure 5. Formation of SWNT caps. (a) Lock of SWNT structure by adding a sixth pentagon. Reproduced with permission from ref 86. Copyright
2018 Royal Society of Chemistry. (b) Conﬁgurational entropy (Sn,m) associated with multiple possible SWNT caps. Reproduced with permission
from ref 88. Copyright 2011 American Chemical Society. (c) Interfacial structures for diﬀerent SWNT caps on Ni (111). (d) Interfacial energies
calculated for two sets of SWNTs. Reproduced with permission from ref 89. Copyright 2014 Springer Nature. (e) Side view of interfaces of SWNTs
with diﬀerent chiralities on the W6Co7 (0 0 12) plane. Reproduced with permission from ref 76. Copyright 2014 Springer Nature.

Based on extensive TEM characterizations,83−85 SWNT
nucleation modes are classiﬁed into perpendicular and
tangential modes, depending on the diameter ratio between
nucleated SWNTs and the connected catalyst particles.
Consequently, regulating the SWNT nucleation mode provides
more freedom to regulate the diameter of the SWNT cap,
which initiates SWNT growth. However, not all hemispherical
caps are mature, and only when the position of the sixth
pentagon on the cap is ﬁxed can the chirality of an SWNT be
permanently “locked in” (Figure 5a).86 Therefore, elucidating
the nucleation thermodynamics and origins of the nucleated
SWNT structure stability is crucial for chirality-selective
growth of SWNTs. In 2006, Reich et al. proposed to nucleate
a speciﬁc cap on the solid catalyst surface with an epitaxial
relationship.87 Using ab initio calculations, they showed that
lattice matched caps and tubes are more stable on a Ni surface
than those without lattice-matched structures. The carbon cap
stability on the Ni surface is reﬂected by the total excess energy
of the edge atoms, which is the sum of the cap energy and the
C−Ni excess energy of the edge atoms. For example, the (9, 1)
cap on the Ni(111) surface has a signiﬁcantly larger amount of
excess energy (0.51 eV/C) than the (6, 5) cap (0.43 eV/C).
Such an energy diﬀerence arises from the global or local C−Ni
match, as the intrinsic energies of caps with similar diameters
are comparable. Large scale calculations designed to evaluate
the intrinsic energies of SWNTs with diameters smaller than 1
nm were performed by Penev et al.88 Compared with the
energy associated with the SWNT-catalyst interface, the energy
scale variability for all caps is small (Figure 5b). Therefore, the
ﬂat energy landscape cannot be a dominant factor for
governing SWNT chirality distribution and lends further
credibility to control chirality by controlling the SWNTcatalyst interface. In 2014, Artyukhov et al. investigated the
free energy of the critical nucleus containing two contributions:89 one is the “elastic” energy which does not depend on
cap structure; the other is the SWNT-catalyst interfacial energy
which is chirality-dependent. Figure 5c shows the interfacial

structures of diﬀerent SWNTs with similar diameters on a
Ni(111) slab. Achiral tubes, including armchair and zigzag
types, form tight, low-energy contact with the Ni surface. The
interfacial energy for a chiral SWNT is greater than that of an
achiral SWNT because it is roughly proportional to the kinks
available at the SWNT-catalyst interface (Figure 5d). This
conclusion is also applicable to SWNTs grown on other
catalyst systems. For example, the (0 0 12) plane of a W6Co7
alloy particle is a perfect match for the (12, 6) SWNTs but a
poor match for other examined SWNTs (Figure 5e).76 As a
result, the (12, 6) SWNT has the lowest formation energy on
the (0 0 12) plane, while on the (1 1 6)90 and (1 0 10) plane91
of W6Co7, the matched SWNT structures with low interfacial
energy are (16, 0) and (14, 4), respectively. Later, a
thermodynamic symmetry match was proposed to explain
SWNT stability on solid catalyst surfaces.51,92 The rotational
symmetry of an SWNT is deﬁned by its chiral indices, (p × i, p
× j) or p × (i, j), where p, i, and j are all integers, giving a pfold symmetry. The portion of SWNTs with p-fold symmetry
occupies 1/p2 of all the possible SWNT species in the triangle
chirality map. The structural match between the SWNT and
catalyst surface is satisﬁed if the catalyst surface also has p-fold
symmetry. If the condition is met, there is a strong binding
between the SWNT and the catalyst surface, leading to a low
SWNT−catalyst interface formation energy. This low SWNT
formation energy accounts for the preferential nucleation of
SWNTs with a speciﬁc chirality structure.51,76,90,91,93
The above-mentioned models neglect the roles of the
reaction temperature, which is known to aﬀect SWNT chirality
distribution signiﬁcantly.62,76,94 Therefore, Magnin et al.
developed a thermodynamic model that correlated the
resulting SWNT chirality with both the SWNT−catalyst
interfacial energy and the reaction temperature.95 The
conﬁgurational entropy of the nanometer-sized edge was
proposed to play a crucial role in growing chiral SWNTs. In
this model, SWNTs grown on solid catalyst through a
perpendicular mode were investigated, where the SWNT
G

https://dx.doi.org/10.1021/acs.chemrev.0c00395
Chem. Rev. XXXX, XXX, XXX−XXX

Chemical Reviews

pubs.acs.org/CR

Review

Figure 6. Entropy-driven stability of chiral SWNTs. (a) TEM image and schematic illustration of the perpendicular mode for SWNT nucleation.
(b) Formation energies of all possible (8, 4) SWNTs. Phase diagrams of calculated for constant values of (c) EAInt and (d) EZInt. Reproduced with
permission from ref 95. Copyright 2018 the American Association for the Advancement of Science.

Figure 7. Growth kinetics of SWNTs. (a) Structure of a zigzag (n, 0) SWNT, which can be viewed as a perfect crystal. (b) Achiral tube can be
transferred into a chiral tube by a Burgers vector. The axial screw dislocations in (c) a (n, 1) SWNT and (d) a (n, 2) SWNT. (e) Free energy
proﬁles during SWNT growth. Reproduced with permission from ref 98. Copyright 2009 National Academy of Sciences, U.S.A. (f) Conﬁgurations
of diﬀerent SWNT−catalyst interfaces: (g) two kink and (h) single-kink SWNTs showing the SWNT tilt. (i) Abundance distribution computed as
the product of SWNT nucleation (dotted) and growth rate (dashed). (j) Calculated chirality distributions for two set of SWNTs. (k) Full (n, m)
distribution based on an analytical ﬁt to interface energies. Reproduced with permission from ref 89. Copyright 2014 Springer Nature. (l) SWNT
growth model in the absence of an etching agent; (m) environmental TEM images monitoring the elongation of an SWNT; and (n) SWNT growth
rate plots against active catalyst surface area/tube diameter ratio. Reproduced with permission from ref 106. Copyright 2019 the American
Association for the Advancement of Science.

diameter is smaller than the catalyst size.83,85 By ignoring the
atomic structure of catalyst particle and assuming a planar
catalyst surface, the SWNT−catalyst interface is limited to a

line (Figure 6a), and the interface for a (n, m) SWNT is
simpliﬁed into a closed loop with 2m armchair and (n−m)
zigzag contact atoms. Under these conditions, the total energy
H
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of the system is comprised of three terms: E0, which includes
all terms independent of SWNT chirality, the curvature energy
(Ecurv), and the interfacial energy (EInt). The curvature energy
is SWNT diameter dependent as follows: Ecurv = 4αd−2, where
α = 2.14 eV Å2 per carbon atom and d is the SWNT
diameter.96 The interfacial energy is the sum of 2m armchair
and (n−m) zigzag edge energies; therefore, the interfacial
energies for all SWNT−catalyst interfaces with the same
number of armchair and zigzag contacts are the same (Figure
6b). Edge conﬁguration entropy, which relates the number of
ways 2m armchair carbon atoms and (n−m) zigzag atoms can
be connected, is consequently a critical piece of the model.
The SWNT chirality is associated with three parameters
involved in CVD growth, including temperature (T), interfacial
energy of armchair carbon (EAInt) and interfacial energy of
zigzag carbon (EZInt). By calculating free energy for each set of
parameters and linking the minimum energy with the stable (n,
m) value, a 3D space of stable conﬁgurations in the (T, EAInt,
EZInt) is deﬁned. At the ground state where T and the entropy
contribution are set to zero, only armchair and zigzag SWNTs
are stable. Chiral SWNTs become more stable at elevated
temperatures. Cutting slices at a constant temperature leads to
an isothermal stability map, which only shows the most stable
SWNT structures. Similarly, by ﬁxing either EAInt or EZInt, a
temperature-dependent phase diagram can be obtained. The
dashed boxes in Figure 6c,d indicate the possible parameter
ranges correlated with the SWNT species grown on an FeCu/
MgO catalyst.62 These chiral SWNTs are stabilized by the
conﬁgurational entropy of the tube edge at ﬁnite temperature.
In addition, the temperature eﬀect on SWNT chiral
distribution was also clariﬁed by this model.95 At high
temperatures, the free-energy diﬀerences become smaller,
leading to the growth of SWNTs with a broad chirality
distribution and a poor chirality selectivity. At even higher
temperatures, (2n, n) SWNTs could be stabilized due to their
large edge conﬁgurational entropy. The model reevaluates the
roles of nucleation thermodynamics at diﬀerent temperatures
and provides a guide for designing novel catalysts for chiralityselective growth of SWNTs.95
2.1.3. Growth Kinetics of SWNTs. After nucleation of a
stable SWNT cap, its (n, m) structure is ﬁxed and
incorporation of new carbon atoms into the cap rim only
results in SWNT elongation, the rate of which governs the ﬁnal
SWNT length and its abundance. Viewing SWNTs as
macroscopic crystals97 having an axial screw dislocation,
Ding et al. proposed that SWNT formation should obey the
principles established for crystal growth.98 In this regard,
achiral SWNTs, including armchair and zigzag types, are
special because their circular end-edges are entirely uniform
(Figure 7a). The wall of a zigzag SWNT can be dissected
axially, and the cut can be resealed after sliding its side by a
Burgers vector (red arrows in Figure 7b). While the circular
end-rim of an SWNT with conventional indices (n, m) has m
kinks (Figure 7c,d), which could serve as “cozy corners” for
docking new carbon atoms. The SWNT growth is thus driven
by a monotonous free energy decrease calculated as ΔG(N) =
−ΔμN, where N is the number of added carbon atoms and Δμ
represents the chemical potential drop for carbon atom
diﬀusion from the catalyst to SWNT rim. However, for an
achiral SWNT, the initiation of a new edge with an extra
energy of G* is needed once its end edge is completed;
therefore, ΔG(N) = G* − ΔμN. Every time the end ring of an
achiral SWNT is completed, it stalls at the reinitiation barrier
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(Figure 7e). In this respect, the armchair SWNT is similar to
the zigzag SWNT but has a much lower restarting energy
barrier. On most common catalysts, such as Fe, Co, and Ni,
GAC* is equal to 0.06, 0.12, and 0.04 eV, respectively, which is
negligible compared with kT (∼0.1 eV). In contrast, for a
zigzag edge, GZZ* is 1.41, 1.12, and 1.54 eV on Fe, Co, and Ni,
respectively. Due to the high new-ring initiation energy, the
zigzag SWNT growth rate is extremely low. More highly
detailed calculations suggested the growth rate of an SWNT is
roughly proportional to its chiral angle,98 and this conclusion
predicts armchair SWNTs are longer compared to zigzag
SWNTs. Because of SWNT fragmentation prior to characterization, SWNTs with larger chiral angles are translated into
larger abundances. The screw dislocation model predicts an
overall dominance of near-armchair SWNTs, which is in
agreement with SWNTs from disparate sources, such as HiPco
SWNTs,99 electric arc SWNTs,100 and ACCVD SWNTs.101
Such a screw-dislocation model was also veriﬁed by in situ
Raman characterizations, which correlate SWNT growth rate
with chiral angle.102 However, in this model, the role of catalyst
particle is not considered, and the importance of the SWNT−
particle interface is neglected.
Later, Artyukhov et al. augmented the screw dislocation
model by taking the SWNT−catalyst interface thermodynamics into account.89 It was emphasized that the screw
dislocation mode is valid only if the catalyst particle is in the
liquid state, i.e., the SWNT growth follows a vapor−liquid−
solid mechanism. Under these conditions, the metal catalyst
adapts to the SWNT edge with a one-to-one termination and
the SWNT growth rate is thus proportional to its chiral angle.
If the catalyst particle preserves its solid state during the CVD
growth process, the SWNT-catalyst interfacial energy is
chirality-dependent and varies with the crystalline structure
of the catalyst. On the simulated Ni(111) plane, achiral
SWNTs form tight low-energy contacts. In particular, the
symmetry of (n, n − 1) and (n, 1) SWNTs allows them to tilt
oﬀ their vertical axis (Figure 7f), therefore, improving the
SWNT−catalyst interface contact. Figure 7g,h illustrates the
unrolled interface areas of two- and one-kink SWNTs. The tilt
eﬀect in one-kink SWNTs results in a reduction of the
SWNT−catalyst separation, enabling a substantial closure of
the SWNT−catalyst gap, which recovers up to 70% of the
energy penalty. When growing SWNTs with the incorporation
of new carbon atoms, it is necessary to create new kinks. For
achiral SWNTs, creating new kinks requires the destruction of
the perfect contact between the SWNT and the catalyst, which
costs energy. Therefore, the growth rate dependence becomes
bimodal with the minima at chiral angles of 0° and 30°. A
maximum growth rate is anticipated for (2n, n) SWNTs with a
chiral angle of 19.1° (Figure 7i). At a given diameter, the
SWNT abundance distribution can be obtained by multiplying
the nucleation thermodynamic and growth rate terms. Figure
7j shows the distributions of two SWNT sets with respective
diameter of 0.8 and 1.2 nm. A strong predominance of (n, n −
1) SWNTs is observed for both sets. Figure 7k shows a general
(n, m) distribution computed through interface energy ﬁtting.
The peak in diameter distribution is a result of the competition
between the interface energy and the conﬁgurational entropy
of the SWNT cap. By adding additional constraints on the
SWNT diameter by controlling the catalyst size, a slice of
Figure 7k with prominent (n, n − 1) peaks is anticipated.89
This model understands the origin of chirality by concurrently
considering both the kinetic and thermodynamic aspects of
I
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Figure 8. Catalyst deactivation and SWNT growth termination. TEM images of Fe nanoparticles after annealing for 5 min in (a) H2 and (b) H2/
H2O. Reproduced with permission from ref 115. Copyright 2009 American Chemical Society. (c) AFM image of SWNTs grown from discrete Fe
nanoparticles. Reproduced with permission from ref 108. Copyright 2002 American Chemical Society. (d) TEM image of a detached cap from a
Co particle. Inset is the scheme of the cap and catalyst. Reproduced with permission from ref 119. Copyright 2017 American Chemical Society. (e)
TEM image of an SWNT showing the encapsulation of catalyst by a graphitic layer. Reproduced with permission from ref 84. Copyright 2016
Elsevier Inc. (f) Chiral angle distributions of SWNTs with diﬀerent carbon ﬂuxes. Reproduced with permission from ref 106. Copyright 2019 the
American Association for the Advancement of Science.

SWNT growth, which successfully explains the dominance of
(n, n − 1) SWNTs prepared by many catalyst systems.48,62,103,104
However, this screw dislocation model does not necessarily
ﬁt all experimental data. For example, using Raman spectroscopy, Inoue et al. did not observe the correlation between the
chiral angles and lengths of SWNTs grown on the quartz
substrate.105 He et al. measured the lengths of SWNTs by
TEM and determined the chirality by nanobeam electron
diﬀraction (ED).84 Statistics on several tens of SWNTs
revealed there is no direct link between SWNT length and
chiral angle. To explain such diverse experimental results, a
more general kinetic model for SWNT growth was recently
proposed.106 In this model, the carbon concentration on a
catalyst surface is a rate balance of carbon precursor
decomposition, carbon elimination by etching agent, and
carbon incorporation into SWNT rims. The etching agent
plays a particularly important role in determining SWNT
growth rate. If suﬃcient etching agent is available in the growth
environment, the SWNT growth rate is proportional to the
number of active sites at the SWNT−catalyst interface, which
are the armchair-like sites or the kink sites depending on
whether the catalyst is in liquid or solid phase during growth.
This conclusion is in agreement with the dislocation theory.98
However, if there is no etching agent during CVD, the SWNT
growth rate is independent of the SWNT (n, m) structure, and
instead, it is correlated with the ratio between the active
surface area of the catalyst and the SWNT diameter (Figure
7l).106 This theory was veriﬁed by in situ environmental TEM,
which monitors the lengthening of diﬀerent SWNTs at highvacuum and low-reaction temperature conditions. The SWNT
growth atmosphere was practically devoid of an etching agent
because the generation of oxidation etchants was greatly
suppressed. Figure 7m shows six pictures extracted from a
video, which shows the elongation of an individual SWNT. By
plotting the SWNT length against reaction time, the SWNT
growth rate was determined to be 0.302 nm/s. Statistics on 16

individual SWNTs revealed no simple correlation between
SWNT growth rate and the diameter of catalyst or SWNT.
Instead, a strong linear relationship between the growth rate
and the active catalyst surface/tube diameter ratio was
observed (Figure 7n), which is in agreement with the proposed
model in the absence of an etching agent. This new model is a
complement to the screw dislocation model and helps to
understand SWNT growth kinetics better.
Grounded on the above discussions, catalyst control is of
great importance in controlling SWNT structure and growth.
Consequently, signiﬁcant eﬀorts have been made in rationally
synthesizing uniform catalyst particles, including both monometallic and multicomponent ones. Although simply annealing
inorganic catalyst precursors or thin metal ﬁlms could lead to
the generation of nanoparticles, the produced catalyst particles
usually possess a broad diameter distribution. By placing metal
atoms with controllable numbers into the apoferritin cores,
discrete catalytic iron oxide nanoparticles with tunable
diameters were synthesized for growing isolated SWNTs.107
Similarly, Choi et al. used polyamidoamine dendrimers as
carriers for delivering complexed Fe(III) ions for the formation
of uniform iron oxide nanoparticles,108 aﬀording the growth of
SWNTs with a narrow diameter distribution. Nearly
monodisperse iron nanoparticles with respective diameters of
3, 9, and 13 nm were prepared by thermal decomposition of
iron pentacarbonyl and applied for growing carbon nanotubes.
TEM characterizations revealed that the diameters of the
carbon nanotubes were similar to those of the iron particles.109
In 2005, Lu et al. proposed to prepare iron clusters using a
polyferrocenylsilane block copolymer catalyst precursor.110
After removing organic components, CVD growth was carried
out to synthesize SWNTs. Systematic characterizations
demonstrated uniformly distributed SWNTs with diameters
smaller than 1 nm were generated by this approach, which is
compatible with conventional device fabrication, beneﬁting for
the fabrication of highly uniform SWNT patterns.
J
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discrete Fe nanoparticles on an SiO2 surface.108 It is speculated
that due to the large ﬁction force of the SWNTs on the surface,
the newly grown SWNT sections squeeze into a hook shape
(marked by arrows). This conjecture is consistent with the
experimental results that SWNTs sliding on surface could not
be very long and ultralong SWNTs are generally synthesized by
a tip-growth model.117 Once the ﬂoating catalyst falls on the
substrate, SWNT growth termination occurs quickly. Assuming
the friction coeﬃcient for diﬀerent substrates is similar,
minimizing the catalyst−support interaction is necessary to
sustain and promote the SWNT growth. Moreover, as
predicated by Ding et al., strong adhesion between SWNTs
and catalyst particles is needed to prevent SWNT closure and
support SWNT growth.118 If the SWNT−catalyst interaction
strength is very weak, a considerable decrease in SWNT
diameter takes place, leading to the cap separation from the
catalyst and the formation of fullerene structures. The
detachment of nucleated SWNT caps was later veriﬁed by
environmental TEM experiments (Figure 8d).119 The reduced
SWNT-catalyst adhesion strength induced by the relatively low
carbon supply causes the formation of necking interface and
the cessation of SWNT growth. Although new SWNT caps
could be generated on the catalyst particle, the SWNTs
detached from the catalysts are relatively short. Other
postgrowth TEM characterizations also observed the complete
detachment of catalysts from carbon nanotubes.120 However, if
the SWNT−catalyst interaction is too strong, this could lead to
an increase in the SWNT diameter, which can be achieved
using an excessive carbon supply.118,119
Meanwhile, an excessive carbon supply could also cause
catalyst particle encapsulation by graphitic carbon, which
deactivates the catalyst. Figure 8e presents a TEM image of an
SWNT grown from an Fe catalyst.84 The SWNT growth
adopts a tangential mode, where the catalyst can be easily
encapsulated, and statistics revealed that SWNTs grown by
perpendicular mode are longer than those grown by the
tangential mode, suggesting that particle encapsulation hinders
the growth of long SWNTs. Regulating SWNT chirality
distribution by selectively deactivating catalysts using an
excessive carbon supply was recently demonstrated.106 In an
environment without suﬃcient etching agent, the feedstock
decomposition cannot be balanced by carbon etching. The
carbon concentration on the catalyst surface is related to the
SWNT structure, i.e., the number of active sites at the SWNT
end. When growing SWNTs on a solid catalyst, (2n, n)
SWNTs have the maximum kinks at the SWNT−catalyst
interface, resulting in the smallest carbon concentration on the
catalyst surface. In contrast, achiral (n, 0) and (n, n) SWNTs
do not have active sites at the SWNT−catalyst interface, and
the carbon concentration on the catalyst surface is the highest.
Figure 8f shows the carbon concentration dependence on the
SWNT chiral angle at diﬀerent ﬂuxes of carbon deposition. Just
as excessive carbon deposition on the catalyst surface can
deactivate the catalyst and terminate SWNT growth,119 with
increased carbon deposition ﬂuxes, SWNTs with fewer active
sites are deactivated, and only SWNTs with a narrow chiral
angle distribution near 19.1° survived, which results in the
selective synthesis of (2n, n) SWNTs.106 This conclusion was
also veriﬁed experimentally by performing surface growth of
SWNTs on a Co catalyst at low temperatures. With increased
carbon ﬂux, the selectivity to (2n, n) species increased
dramatically.106

Besides monometallic catalysts, alloy or bimetallic particles
arise as a more eﬃcient catalyst for controlled synthesis of
SWNTs. In 2001, Li et al. prepared monodispersed Fe−Mo
nanoparticles for catalytic CVD synthesis of SWNTs.111 By
choosing the proper protective agent during thermal
decomposition of metal carbonyl complexes, the average
sizes of the nanoparticles can be tuned from 3 to 14 nm. An
et al. proposed to prepare uniform Fe−Mo nanoparticles using
identical metal-containing molecular nanoclusters.112 After
decomposing the organic ligand of the molecular clusters,
nearly uniform SWNTs were synthesized by CH4 CVD. Such a
narrow diameter distribution is attributed to the deﬁned
formula and speciﬁc structure of the nanoparticles, which
might ultimately help to precisely control SWNT diameters
and even chiral structures. Alternatively, Wang et al. prepared a
series of Fe-containing bimetallic nanoparticles using chemical
reduction under microwave irradiation.113 All the particles are
in the diameter range of 0.5−3 nm, which are suitable for
growing SWNTs. Compared with single component catalysts,
these Fe−Ru and Fe−Pt nanoparticles demonstrated much
higher eﬃciency in growing SWNTs.113 The applications of
bimetallic or alloy nanoparticles in synthesizing horizontally
aligned SWNTs will be also discussed in other sections.
2.1.4. Catalyst Deactivation and SWNT Growth
Termination. Similar to everything else in the universe, the
active catalysts and growing SWNTs have a ﬁnite lifetime,
yielding SWNTs with limited length. A catalyst can be easily
deactivated when it ﬂoats out of the reaction zone where the
environment is unsuitable for continued SWNT growth. For
example, most SWNTs synthesized by ﬂoating CVD are
normally shorter than 100 μm114 because the eﬀective time for
an SWNT staying in the reaction zone is less than 1 min.
Therefore, in order to maintain catalyst activity and grow
ultralong carbon nanotubes, the furnace was moved at a speed
similar to that of the carbon nanotube growth during the CVD
process.39 While under stable growth conditions, several
factors exist that could cause catalyst deactivation or SWNT
growth termination. One is the particle coalescence caused by
Ostwald ripening. Amama et al. compared the lifetimes of Fe
nanoparticles in H2 and H2/H2O under growth conditions.115
SWNT growth termination occurred before 15 min in a H2
atmosphere, but with the introduction of H2O, the SWNT
growth lifetime could be increased to 360 min. TEM
characterizations revealed a signiﬁcant diﬀerence in the
ripening behaviors of catalysts in diﬀerent atmospheres.
Catalysts annealed in H2 for 5 min exhibit severe ripening
(Figure 8a), while particles annealed in the presence of H2O
remain considerably stable (Figure 8b). This work not only
singled out ripening as the cause for catalyst deactivation but
also proposed extending the catalyst lifetime by impeding
Ostwald ripening through the addition of a trace amount of
H2O. This strategy has since been widely applied for the
supergrowth of SWNTs.30,116
Besides the possible ripening behaviors of particle assembly,
discrete catalyst particles can also be deactivated by the
repulsive force encountered when spinning the SWNTs onto
the substrate. Surface grown SWNTs generally follow a base
growth mode, where the catalyst particle is ﬁxed on the surface
and the growing SWNT is sliding on the surface. However, if
the ﬁction force between the SWNT and the substrate is too
large to overcome, SWNT growth terminates, resulting in the
formation of hook conﬁgurations. Figure 8c presents an atomic
force microscopy (AFM) image of SWNTs grown from
K
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Figure 9. HASAs grown by applying in situ electric ﬁelds. (a) Schematic diagram process for the electric ﬁeld directed SWNT growth; SEM images
of SWNTs grown with diﬀerent electric ﬁeld strengths: (b) 0 V/μm, (c) 0.13 V/μm, and (d) 0.5 V/μm. (e) Diagram showing the generated torque
on an SWNT in an electric ﬁeld. Reproduced with permission from ref 38. Copyright 2001 American Institute of Physics. (f) Cross section of the
catalyst, Mo electrode, and the substrate. (g) Electric ﬁeld distribution and equipotential lines calculated for Mo electrodes. (h) SEM image of
SWNTs grown in an electric ﬁeld. Reproduced with permission from ref 122. Copyright 2002 American Institute of Physics. (i) AFM image of
electric ﬁeld directed SWNTs. (j) SEM image of SWNTs grown under an electric ﬁeld. Reproduced with permission from ref 123. Copyright 2002
American Chemical Society.

(0.13 V/μm) to the electrodes. Increasing the electric ﬁeld
strength promotes the alignment of the SWNTs across the
trenches (Figure 9d). To rationalize SWNT alignment with the
electric ﬁeld, the dipole moment (P) induced by the electric
ﬁeld (E) was considered. When an SWNT extends into a
trench having an angle θ with respect to E, a dipole moment
along the SWNT axis is generated: P = αE cos θ, where α is the
static polarizability tensor and is highly anisotropic for a long
SWNT. Consequently, a torque on the dipole moment is
created, applying a force to rotate and align the SWNT (Figure
9e). The stronger the applied electric ﬁeld, the larger the
generated aligning force. It is noted that torque can also be
produced on SWNTs resting on the ﬂat quartz surface;
however, in such an experiment, the torque is not strong
enough to overcome the vdW interactions between the
SWNTs and the ﬂat surface, thus preventing their response
to the electric ﬁeld.
In order to guide SWNT alignment on ﬂat surfaces in the
electric ﬁeld, Ural et al. minimized the SWNTs’ vdW binding
with the substrate surface by choosing rational substrates,
electrode materials, and structures,122 of which the crosssectional view is presented in Figure 9f. Catalyst stripes were
patterned on top of two opposing Mo electrodes, which had
been fabricated on the SiO2−Si substrate surface by photolithography. Figure 9g shows cross sections of electric ﬁeld
vectors and equipotential lines. At the catalyst stripe locations,
the electric ﬁeld is nearly perpendicular to the Mo metal
surfaces, while in the middle of the gap between the two
electrodes, the electric ﬁeld lines are almost parallel to the
surface plane. During the CVD process, SWNTs nucleated on
the catalyst initially follow the direction of the electric ﬁeld and
extend in the air nearly normal to the electrode surface. Owing
to the existence of ﬁeld gradients, the lengthening SWNTs
follow the ﬁeld lines with the highest strength to maximize the
interactions between the SWNT dipole moments and the
electric ﬁeld. The SWNTs are aligned to the overall ﬁeld
direction when they are over the electrode gap region and
ﬁnally fall onto the surface. Figure 9h shows an SEM image of

Overall, SWNT growth termination could arise from catalyst
deactivations caused by Ostwald ripening and carbon coating,
the insurmountable surface SWNT friction force, and the
detachment of the catalyst from the SWNT end. This
information, along with a better understanding of catalyst
activation, nucleation thermodynamics, and growth kinetics,
can help to design experiments for promoting the growth of
horizontally aligned SWNTs with high densities, long lengths,
and controlled structures, which will be described in the
following sections.
2.2. Orientation-Controlled Synthesis of SWNTs

The CVD process is versatile and widely implemented to
produce SWNTs in random networks.68,109 In the SWNT
network, the interaction between SWNTs would increase the
electrical resistance and thus deteriorate SWNT-based device
performance.121 To ensure the electrons can quickly move
from one SWNT end to the other and maximize current
through a high-performance transistor, all the SWNTs must be
lined up in perfectly straight rows.46 To guide the growth
directions of SWNTs, diﬀerent external forces, such as electric
ﬁeld, gas ﬂow, atomic step, and crystal lattice, have been
exerted during CVD growth.
2.2.1. Electric Field Directed Growth. Early research on
electric ﬁeld directed growth of HASAs was performed by
Zhang et al. in 2001.38 The key step in the approach is to
design the substrate rationally where quartz and poly-Si are
chosen as the substrate and electrode material, respectively.
The catalyst was patterned on the poly-Si surface, and two
metal leads were clamped onto the outer poly-Si pads prior to
CVD growth (Figure 9a). Without applying an electric ﬁeld,
the SWNTs were randomly suspended over the trenches and
no preferred orientation was exhibited (Figure 9b). In contrast,
with the introduction of voltage to the outer macroscopic polySi electrodes, electric ﬁelds were established across all the
trenches, directing the growth of SWNTs. Figure 9c shows an
SEM image of suspended SWNTs, displaying good alignment
along the electric-ﬁeld direction by applying a dc voltage of 5 V
L
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Figure 10. Si tower directed SWNT growth. (a) Schematic procedure for directing suspended SWNT growth (b) and (c) SEM images of
suspended SWNT bridges. Reproduced with permission from ref 125. Copyright 1999 American Chemical Society. (d) Schematic of experimental
setup for enhancing SWNT growth and (e−g) SEM images of suspended SWNT networks with a higher yield. Reproduced with permission from
ref 126. Copyright 2000 John Wiley and Sons.

aligned SWNTs guided by the electric ﬁeld. The directing
eﬀect of the electric ﬁeld and the SWNTs’ staying away from
the substrate are satisﬁed by the sample design, thus
guaranteeing the good alignment of SWNTs resting on the
substrate. In a controlled experiment, SWNTs grown from
discrete catalyst nanoparticles in the gap region between the
two Mo electrodes appeared to have no apparent alignment to
the electric ﬁeld direction.122
Assuming that nucleated SWNTs are free to rotate before
they are pinned to the surface, it is possible to force the
SWNTs to grow parallel to the electric ﬁeld on a ﬂat substrate.
Figure 9i presents an SEM image of surface grown SWNTs
using 3−5 nm ferritin as a catalyst in an electric ﬁeld of 4 V/
μm.123 The SWNTs grew predominantly straight and well
aligned with the electric ﬁeld. Nearly all the SWNTs longer
than 1 μm are oriented, indicating the existence of a critical
length for SWNT alignment, whereas SWNTs shorter than the
critical lengths are randomly oriented (Figure 9j). The
complex angular distribution of short SWNTs was explained
based on an electrostatic and thermodynamic model,124 which
revealed that the static polarizability of a metallic SWNT is
approximately 3 orders of magnitude larger than that of a
semiconducting SWNT. For a 2 nm semiconducting SWNT
with a critical length of 1.5 μm, it has a rotation energy
comparable to the thermal excitation energy, kT (T = 800 °C).
For comparison, the maximum rotation energy of a metallic
SWNT with similar dimensions is 130 eV, that is, 1.4 × 103 kT.
Moreover, long SWNTs have large rotation energies.
Consequently, if the SWNTs are longer than 1.5 μm, all the
SWNTs could be parallel to the electric ﬁeld direction, while
only metallic SWNTs can be aligned by the electric ﬁeld if the
SWNTs are shorter than the critical length. The diﬀerent
response features to the electric ﬁeld provide a clue for
discriminating metallic and semiconducting SWNTs based on
their polarizabilities.

The application of an in situ electric ﬁeld during CVD
provides an eﬃcient approach for aligning SWNTs on
insulated substrates such as SiO2−Si and quartz. Such an
approach has the potential to form complex organized SWNT
structures for molecular electronics applications. However, it
has some disadvantages, which might prevent it from being
used for practical application. First, electrodes must be
deposited onto the substrate prior to CVD growth. The
deposited electrodes not only inﬂuence the gas ﬂow and the
SWNT elongation during growth but also hinder further
applications of SWNTs. Second, the electric ﬁeld directed
growth is not applicable to SWNTs with diameters smaller
than 1.4 nm,123 which always grow in wavy conﬁgurations in
electric ﬁelds regardless of their lengths. Third, as the electric
ﬁeld must be strong enough to direct the SWNT alignment,
aligning very long SWNTs is diﬃcult because of the limited
voltage available. Fourth, the yield and density of SWNTs
directed by an electric ﬁeld are relatively low, although the
yield per island is anticipated to increase by patterning the
catalyst on a larger island.
2.2.2. Gas Flow Directed Growth. The predeposition of
complex electrodes onto the substrate and other related issues
prevent the broad application of utilizing the electric ﬁeld for
aligning in-growth SWNTs. As a result, ﬁnding an “easily
exerted” external force to orient SWNTs during the CVD
process is highly important. In 1999, Cassell et al. reported the
directed growth of suspended SWNTs by bridging regularly
patterned Si tower structures.125 Figure 10a depicts the
schematic illustration of the process. The catalyst precursor
was selectively deposited on the top of the tower arrays
utilizing a contact printing technique, which allows the
formation of a uniform catalyst ﬁlm upon air calcination.
During the CVD growth process, nucleated SWNTs emanated
from the top of the Si tower in diﬀerent directions. The
lengthening SWNTs ﬂoated and waved in the “wind” by the
gas ﬂow, preventing them from being caught easily by the
M
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Figure 11. HASAs synthesized by gas ﬂow directed growth. (a) SEM image of SWNTs grown by the normal heating process. Reproduced with
permission from ref 128. Copyright 2003 American Chemical Society. (b−d) SEM images of SWNTs synthesized by the “fast heating” process. (e)
AFM image of an oriented SWNT with a catalyst particle on the tip. Reproduced with permission from ref 127. Copyright 2004 American
Chemical Society. (f) Schematic illustration of the buoyant eﬀect induced by temperature gradient. Reproduced with permission from ref 129.
Copyright 2007 American Chemical Society. (g) SEM image of SWNTs grown across slits. (h) Schematic view of another possible SWNT growth
mechanism. Reproduced with permission from ref 130. Copyright 2006 American Chemical Society.

synthesized (Figure 11a). In contrast, ultralong SWNTs were
produced by quickly moving the sample into the middle of the
furnace (Figure 11b). A majority of the SWNTs grew along the
direction of the gas ﬂow and had one of their ends embedded
within the catalyst island. The other free ends extended several
hundreds of micrometers or a few millimeters along the growth
direction. The key factor to realize the growth of ultralong and
oriented SWNTs is the heating speed at the initial stage of the
growth process. Subsequent work also showed that SWNTs
could grow over the barrier with a height of 800 nm (Figure
11c) or across trenches (Figure 11d), indicating that the
SWNTs ﬂoat in the gas ﬂow during growth.127 In addition,
every tip of the long SWNTs has a catalyst particle, conﬁrming
that the SWNTs adopt a tip-growth model (Figure 11e). Based
on the experimental ﬁndings, a “kite mechanism” was proposed
to explain the “fast heating” growth of oriented, ultralong
SWNTs. Because of the fast heating, the catalyst and the
surrounding environment are heated at diﬀerent speeds and
have diﬀerent temperatures. Initially, the temperature of the
substrate-supported catalyst is slightly higher, favoring the
formation of conventional ﬂow. The buoyant eﬀect of
conventional ﬂow induced by the gas density gradient helps
to overcome the catalyst−support interactions and lift up the
catalysts on the SWNT tips (Figure 11f).129 The horizontal
laminar ﬂow then carries the SWNTs and aligns the growing
SWNTs by shear ﬂow near the substrate. The active SWNT
ends with catalysts remain ﬂoating until they lay down on the
substrate or until growth terminates.
Further work suggested that “fast heating” is not
indispensable to achieve ultralong, aligned SWNTs. In 2004,
Zheng et al. reported growth of SWNTs as long as 4 cm by the
Fe-catalyzed decomposition of ethanol.117 These long SWNTs
cannot be synthesized by the base growth model, as it is nearly
impossible to overcome the SWNTs’ vdW interactions with
the substrate and slide the whole SWNT on the substrate.
During the ethanol CVD approach, the SWNT growth
direction was guided by the ﬂowing gas and the SWNT
growth rate was able to reach 11 μm/s.117 Besides Fe catalyst,
other catalysts, such as Co also produced oriented SWNTs by
ethanol CVD.130 Figure 11g shows an SEM image of oriented
SWNTs growing traverse slits as wide as a few hundred
micrometers. Similarly, the SWNTs can also grow on ﬂat

bottom surface. Once the SWNTs contacted the adjacent
towers, they were hooked by the towers due to the strong
SWNT−tower vdWs interaction, forming suspended bridges.
Figure 10b,c shows the SEM images of the suspended SWNTs,
the directions of which were determined by both the tower
architecture and the gas ﬂow.
Although suspended SWNTs with directionality were
achieved, the SWNT yield was not high and interconnected
SWNTs forming square patterns were rarely observed. With
the goal of increasing the yield of the SWNT bridging towers,
Franklin et al. introduced a “conditioning” step during
CVD,126 as illustrated in Figure 10d. Experimentally, a bulk
amount of conditioning catalyst, which consists of high surface
alumina loaded with iron oxide and molybdenum oxide, was
placed upstream of the patterned catalysts. After CH4 CVD,
the synthesized SWNTs formed more extensive networks of
interconnected SWNT−tower structures than those grown in
an unconditioned system, and multiple SWNTs were observed
to bridge adjacent towers (Figure 10e−g). With the assistance
of mass spectrometry, the role of the “conditioning” step was
revealed to enhance catalytic conversion and activation of CH4,
facilitating the formation of more reactive benzene molecules126 for nucleating and growing SWNTs with a high yield.
The application of tower architecture not only increases the
ﬂow velocity on the tower surface but also secures the waving
of the freestanding SWNTs protruding out of the catalyst
pattern, ultimately guiding the SWNT growth. In the reports,
the SWNTs follow a base-growth mode, where the vdWs
interactions between the active catalysts and the support are
very strong, therefore ﬁxing the catalysts on the support
throughout the SWNT growth process. Alternatively, oriented
SWNTs can grow in a tip-growth mode127 if the vdWs
interactions between the catalyst and the support are relatively
weak and can be overcome. In this case, the open ends of the
SWNTs ﬂoat in the “wind” together with the catalysts, making
the alignment of the ﬂoating SWNTs possible. A breakthrough
was made by Huang et al. in 2003, who designed a “fast
heating” process to grow millimeter long HASAs.128 For
comparison, conventional CVD growth was carried out by
heating the Fe−Mo catalyst slowly to the reaction temperature
(900 °C) and introducing CO−H2 as carbon feedstock. Only
randomly distributed SWNTs shorter than 20 μm were
N
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Figure 12. Aligned carbon nanotube growth by stable laminar gas ﬂow. (a) Schematic illustration of turbulent ﬂow. (b) Schematic representation
for the formation of stable laminar ﬂow by inserting a small tube. (c) SEM image of carbon nanotubes formed in turbulent ﬂow. SEM images of
carbon nanotubes formed in laminar ﬂow from diﬀerent FeCl3 concentrations of (d) 0.1 M, (e) 0.01 M, and (f) 0.001 M. Reproduced with
permission from ref 133. Copyright 2005 American Chemical Society. (g) Side view and cross section of the setup for SWNT array growth by
inserting a small quartz tube. (h) SEM images of SWNTs grown in diﬀerent small tubes. Reproduced with permission from ref 129. Copyright 2007
American Chemical Society.

laminar ﬂow and the catalyst at carbon nanotube tips by
placing another small quartz tube inside the outer tube (Figure
12b).133 The Reynolds number of the gas ﬂow in the inner
tube was decreased to ∼50, which is near the lower limit of
conventional laminar ﬂow ranges, which therefore facilitates
the travel of carbon nanotubes for longer distances. In a
controlled experiment without an inner tube, only short and
disordered carbon nanotubes were observed (Figure 12c),
which was caused by the disturbance of the nanoscale
turbulent ﬂows during the growth process. However, with
the insertion of a smaller tube inside the outer chamber, well
aligned and extremely long carbon nanotubes were synthesized
on the SiO 2 substrate utilizing three diﬀerent FeCl 3
concentrations of 0.1, 0.01, and 0.001 M, corresponding with
Fe nanoparticle diameters of 3.3, 2.4, and 1.8 nm, respectively.
As the catalyst size dictates the carbon nanotube diameter and
wall thickness, multiwalled carbon nanotubes grown from large
particles are well aligned (Figure 12d,e), but small-diameter
SWNTs generated from small catalyst particles still have curvy
conﬁgurations (Figure 12f), which may be due to their good
ﬂexibility.133 Based on the rational analysis of the system ﬂuidic
properties, Jin et al. combined both the inner tube insertion
and ultralow gas ﬂow strategies to achieve HASAs.129 In a
typical experiment, 2.0 sccm CH4 and 4.0 sccm H2 were
applied to grow SWNTs on Fe-based nanoparticles at 970 °C.
In this growth environment, the Reynolds number was
calculated to be 0.76, which is indicative of highly laminar,
very stable gas ﬂow. By inserting a small quartz tube into the
CVD system, the Reynolds number of the gas ﬂow was further
decreased, which is beneﬁcial for growing straight SWNTs
(Figure 12g). Alternatively, SWNT arrays could also be
achieved on ﬂat substrates in small tubes mounted side by side
in the furnace tube (Figure 12h). The SWNTs grown in

substrate surfaces and over vertical barriers, indicating that the
SWNTs ﬂoat in the gas ﬂow. Since the experiment was carried
out in a uniform heating process and there was little
convection heating to lift the catalyst particles up, Huang et
al. suggested a base growth mode for the ﬂoating SWNTs.
After nucleation, the SWNT ﬂoats in the gas ﬂow while carbon
species are continuously supplied to the catalyst pinned on the
surface (Figure 11h). The SWNT continue growing in the ﬂow
until the catalyst loses its activity or the SWNT lands on the
substrate. As a result, the SWNT lengths could be increased by
slightly raising the chip end patterned with the Co catalysts.
However, such a phenomenon is also valid if the SWNT
adopts a tip-growth model.
In some experiments, the produced SWNTs are wavy and
not perfectly aligned with the gas ﬂow,117 while in other cases,
the aligned SWNTs are not very long.130 The phenomena are
caused by the instable gas ﬂow and the distorted laminar
feature in the strongly heated tube. Upon heating, symmetrical
gas circulation called secondary ﬂow forms because the hotter
gas levitates along the tube wall and the cooler gas at the tube
center tends to descend.131 The generated lateral vortex ﬂow
distorts the laminar ﬂow and deteriorates the buoyancy eﬀect
(Figure 12a). The laminar feature of the gas ﬂow is generally
evaluated by a Reynolds number:132 Re = ρvd/γ, where ρ, v, d,
and γ represent the gas density, gas ﬂow velocity, inner
diameter of reactor tube, and the coeﬃcient of gas viscosity,
respectively. Because the diﬀerences in density (ρ) and gas
viscosity (γ) for diﬀerent CVD systems are minor, there are
two strategies to obtain a small Reynolds number and stable
laminar ﬂow for eﬃciently growing straight carbon nanotubes
with aligned geometries. One is to reduce the inner diameter of
reactor tube (d), and the other is to decrease the gas ﬂow
velocity (v). In 2005, Hong et al. proposed stabilizing the
O
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Figure 13. Atomic step directed SWNT growth. (a) SEM image of SWNTs grown under an electric ﬁeld on sapphire. (b) SEM image of SWNTs
grown under an electric ﬁeld on SiO2 coated sapphire. (c) Schematic representation of the atomic steps on vicinal α-Al2O3 (0001). (d) Idealized
structure of atomic steps in diﬀerent low-index directions. (e) AFM image of highly oriented SWNTs. (f) Relevant low-index directions and the
resulting step vector (s). (g) AFM image of macrosteps formed by annealing the sample at 1100 °C. Reproduced with permission from ref 135.
Copyright 2004 John Wiley and Sons. (h) Flowchart of SWNT graphoepitaxy; (i) Topographic analysis of a graphoepitaxial SWNT on faceted
nanosteps. Reproduced with permission from ref 136. Copyright 2005 American Chemical Society.

SWNTs tend to follow the local structure of the surface. In
2004, Ismach et al. ﬁrst demonstrated atomic-step-templated
orientation of synthesized SWNTs.135 In their work, c-plane
sapphire wafers, i.e., α-Al2O3 (0001) surfaces, were applied as
supports for growing SWNTs. Figure 13a presents an SEM
micrograph of the aligned SWNTs synthesized by exerting
both gas ﬂow and an electric ﬁeld during CVD. The SWNT
alignment orientation was not aﬀected by the direction of the
electric ﬁeld or the gas ﬂow. For comparison, SWNTs grown
on the same substrate coated by a layer of SiO2 demonstrated
an electric ﬁeld directed alignment (Figure 13b). The above
results indicated that the Al2O3 surfaces dictated the alignment
of SWNTs. Taking a C3 symmetry of the α-Al2O3 (0001)
surface and the direction of the SWNT not following a
particular direction into account, the lattice-oriented SWNT
growth was ruled out. Instead, the SWNT growth directions
followed the parallel, regularly spaced atomic steps, which are
generally perpendicular to the miscut direction of the vicinal αAl2O3 (0001) surface (Figure 13c) and depend on the miscut
azimuth (Figure 13d). Figure 13e depicts an AFM topographic
image of highly aligned SWNTs on a miscut sapphire. The
orientations of both the lattice and the miscut of the surface
were determined by an asymmetric double-exposure backreﬂection X-ray diﬀraction method (Figure 13f). The general
step direction (denoted as s) matched the SWNT growth
direction. Although the atomic steps only had a height of ∼0.2
nm and were diﬃcult to resolve by AFM, they could be
bunched into visible macrosteps by air calcination of the αAl2O3 (0001) substrate at 1100 °C (Figure 13g). Extensive
investigations disclosed that the SWNT alignment degree
correlated with the miscut inclination and the atomic step
directions. Generally, better alignment can be achieved on a
surface with a large miscut angle or when the atomic steps run
along the low index direction. This is because straighter atomic
steps have closer interactions with the SWNTs. Interestingly,
kinked SWNTs running in zigzags along two diﬀerent lowindex directions were also observed, the formation of which
was induced by SWNT growth along faceted atomic steps.
Based on the experimental observations, the authors proposed

diﬀerent small tubes did not exhibit striking diﬀerences. This
result provides an avenue for batch scale preparation of HASAs
and further highlights the importance of highly laminar gas
ﬂow in guiding paralleled SWNTs.129 In addition, some new
insights into the SWNT ﬂoating mechanism were highlighted.
First, the buoyant eﬀect of convection ﬂow induced by the
vertical gas temperature gradient is suﬃcient to lift up the
catalysts and the SWNTs, excluding the possibility of the base
growth model. Second, lifted SWNTs are blown along the gas
ﬂow direction regardless of their gravity; Third, the strong
vdWs interactions between the SWNTs and the substrate
eventually pin the ﬂoating SWNTs.
The gas ﬂow directed SWNT array growth provides a
promising and prospective method for batch production of
large-scale SWNT arrays. As the catalyst is lifted by convection
ﬂow and ﬂoats in the gas ﬂow, carbon nanotubes longer than a
half meter can be synthesized by the approach.39 However,
there is little regulation on the catalyst particle, which inhibits
the growth of carbon nanotubes with controlled wall thickness
and diameter. In most cases, the products are a mixture of
SWNTs and multiwalled carbon nanotubes with diﬀerent wall
numbers.133 Meanwhile, the carbon nanotube growth is
suggested to follow the Schulz−Flory distribution,39 which
accounts for the low density of the long carbon nanotubes.
More importantly, ﬂoating carbon nanotubes tend to bundle
with other nanotubes due to the strong intertube interactions.
In addition, high-magniﬁcation images demonstrate that the
SWNTs are not perfectly aligned even with stable laminar gas
ﬂow,128,129 which presents challenges in their practical
application in integrated nanodevices.
2.2.3. Atomic-Step Guided Growth. In electric ﬁeld and
gas ﬂow directed growth of aligned carbon nanotubes, a part of
the carbon nanotubes must ﬂoat during CVD growth, allowing
the opportunity for alignment. Alternatively, the orientations of
SWNTs sliding on a ﬂat substrate can also be directed by the
underlying surface. By evaporating hexagonal silicon carbide in
an ultrahigh vacuum at temperatures above 1500 °C, Derycke
et al. reported the development of ordered SWNT networks
with preferential orientations,134 suggesting that the formed
P
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Figure 14. Lattice oriented SWNT growth on sapphire. (a) SEM image of SWNTs grown on the A-plane sapphire. The gas ﬂow direction is
indicated by the arrow. (b) AFM image of SWNTs on the A-plane sapphire surface. (c) SEM image of SWNTs grown on the M-plane sapphire
surface. Reproduced with permission from ref 138. Copyright 2005 American Chemical Society. (d) Schematic diagram of SWNT on the A-plane
sapphire surface. AFM image of SWNTs synthesized on the (e) R(11̅02) face, (f) A(112̅0) face, and (g) C(0001) face. (h) Surface structures of the
sapphire with diﬀerent faces. Reproduced with permission from ref 140. Copyright 2005 Elsevier Inc.

the [0001] direction of the A-plane regardless of the gas ﬂow
direction. Figure 14b presents an AFM image showing planar
SWNT arrays and no apparent step edge on the a-plane.
Besides the A-plane, Han et al. also grew SWNTs on other
crystallographic faces of sapphire substrates,138 including the
R-plane, M-plane, and C-plane. Aligned SWNTs were also
synthesized on the R-plane, while only randomly distributed
SWNTs were grown on the C-plane and M-plane (Figure 14c).
Systematic experimental results suggested that the SWNT−
substrate interaction plays an important role in determining
the SWNT direction. On one hand, the lack of correlation
between surface morphology and SWNT directions excluded a
step-edge-templated growth mechanism. On the other hand,
ultralong SWNTs following the direction of gas ﬂow were
found to lie atop the ﬁrst layer after performing a second
growth on the A-plane covered with aligned SWNTs. The
SWNT alignment mechanism on the sapphire surface is
illustrated in Figure 14d. The dense surface atoms lying normal
to the [0001] direction of A-plane sapphire have strong
interactions with the SWNTs, therefore, minimizing the
Lennard−Jones potential139 and guiding the SWNT growth
orientation. If the direct interactions between the SWNTs and
the A-plane are barred by either the catalyst ﬁlm or SWNTs,
randomly oriented SWNTs or SWNTs guided by gas ﬂow
could be synthesized.
The growth of HASAs on diﬀerent planes of sapphire was
also independently reported by Ago et al.140,141 Figure 14e−g
present AFM images of SWNTs grown on three diﬀerent
crystalline faces, R(11̅02), A(112̅0), and C(0001).140 Similar
to the work by Han et al.,138 only R and A faces facilitated
SWNT alignment, and the highest degree of alignment was
achieved on the R-face. Although atomic steps with heights of
approximately 0.3 nm were seen on the R-face (inset of Figure
14e), SWNT growth did not follow the atomic steps.
Speciﬁcally, the SWNT alignment direction has an angle
close to 16.6° with the atomic steps. An “atomic arrangement
programmed” growth mechanism was proposed for restricting
SWNT growth on the sapphire surface. Figure 14h displays the
atomic structures of the R-, A-, and C-faces.140 The
electrostatic charge transfers from Al to carbon atoms or the
covalent bonds between them are the origin of the strong
SWNT−substrate interaction. On both R- and A-face
substrates, the pseudo-1D arrays of Al atoms guide the
SWNT growth orientations, while on the C-face, the

a “wake-growth” mechanism to describe the atomic-steptemplated formation of SWNTs where the catalyst slides along
the atomic step, leaving the growing SWNT behind as a wake.
Later, Ismach et al. demonstrated highly oriented SWNT
growth on faceted nanosteps, also called SWNT graphoepitaxy,136 the ﬂowchart which is depicted in Figure 13h. In
the process, the faceted nanosteps are formed by the bunching
of thermodynamically unstable atomic steps through heat
treatment. Owing to strong interactions between the steps and
SWNTs, the synthesized of SWNTs were loosely conformal to
sawtooth-shaped faceted steps (Figure 13i). The topographic
3D projection and the section analysis conﬁrmed that the
SWNT was located next to the nanostep’s edge and had a
diameter close to the step height, which contributed to the
epitaxial growth of the SWNTs.136
To mimic the atomic steps formed on the miscut single
crystal sapphire, trenches were created on the SiO2−Si
substrates using electron beam lithography and reactive ion
etching to guide the SWNT growth.137 It was revealed that
trenches with depths of 25−40 nm oﬀered the aligned SWNTs,
which follow a “caught-escape-caught” mechanism. Although
the wall and base of the trenches have strong interactions with
the synthesized SWNTs, the SWNTs tend to escape the trench
easily, causing a relatively poor SWNT alignment.
During the atomic step and trench guided alignment of the
SWNTs, the SWNT orientations are readily tuned by the
direction and morphology of the features by regulating the
crystal cutting process, annealing procedure, or etching
process. This technology represents a powerful approach for
the assembly of SWNT architectures. However, the atomic
step directed SWNT growth is limited on speciﬁc substrates.
As a technique to precisely control the crystal miscut angle is
still lacking, the density and the spacing of the SWNTs cannot
be properly controlled yet. Additionally, the SWNTs following
a “wake-mechanism” need to slide on the surface during
elongation, which inhibits the generation of very long SWNTs.
2.2.4. Crystal-Lattice Oriented Growth. During the
atomic step guided SWNT growth process, a non-negligible
miscut angle on the sapphire facet is required to generate the
atomic steps. Interestingly, HASAs can also grow on certain
sapphire planes even when the miscut angle is smaller than
0.5°. Figure 14a displays an SEM image of SWNTs grown on
the A-plane of sapphire without the involvement of step
edges.138 It is evident that the SWNTs were aligned normal to
Q
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Figure 15. SWNT growth model on a sapphire surface. (a) Top and side views of the surface structure of the oxygen-depleted R-plane sapphire.
(b) Schematic illustration of the “raised head” SWNT growth on the sapphire surface. Reproduced with permission from ref 142. Copyright 2006
American Chemical Society. (c) Timing for 13C/12C carbon source supply and the expected result. (d and e) SEM images of SWNTs grown over a
catalyst pattern on an R-plane. (f) Spatial distribution of Raman G-band of the SWNTs. Reproduced with permission from ref 145. Copyright 2008
American Chemical Society.

the timing of carbon source introduction for SWNT growth on
the R-plane sapphire substrate. 13CH4 gas was introduced for 1
min of reaction prior to 1 min of 12CH4 growth. If an SWNT is
grown by the tip-growth model, the initially formed 13C-rich
portion remains near the catalyst pattern and is gradually
replaced with a 12C-rich nanotube. Otherwise, the created
SWNT is rich with 13C at the tip far from the catalyst zone.
Figure 15d,e presents two SEM images of SWNTs grown over
an FeMo catalyst line. Because of a clean sapphire surface in
the catalyst-free area, the generated SWNTs displayed good
alignment, suitable for the Raman mapping analysis. Figure 15f
shows the G mode spatial distributions of the Raman spectra.
Three SWNTs, labeled A, B, and D all displayed a gradual
change in the 13C/12C isotope ratio. Particularly, the frequency
of the G mode in SWNT B shifted from 1550 cm−1 at the tip
to 1580−1590 cm−1 at the base, corresponding to the vibration
mode of lighter carbon atoms.146 Similar results were also
observed for SWNTs A and D, indicating that SWNT growth
follows a base growth mode. The vdWs interaction between an
SWNT and a substrate is given by the equation:

isotropically located Al atoms could not guide SWNT
alignment, resulting in the randomly distributed SWNTs.
The “atomic arrangement programmed” mechanism has
reasonably explained the SWNT alignment on sapphire
surfaces; however, it failed in clarifying the reason why
SWNTs preferred only one speciﬁc growth direction, as there
could be other directions with pseudo-1D Al arrangements on
the A- and R-faces. Besides, the reason why long SWNTs can
grow by sliding on the substrate remains unknown. To ﬁll this
gap, a “raised head” model was proposed that prioritizes the
oxygen depletion on the surface as the important factor in
aligning the SWNTs.142 Because of the high temperature
annealing and the presence of hydrogen in the gas environment, the outer layer of oxygen atoms on the R-plane sapphire
is depleted, leading to a positively charged surface terminated
with compacted and pseudo-1D Al atoms (Figure 15a). During
CVD growth, a reactive catalyst such as the Fe particle is also
positively charged because its work function143 is smaller than
that of the SWNT.144 Once a section of SWNT grows out of
the Fe catalyst, a repulsive force is generated, lifting the catalyst
particle from the substrate and the SWNT near the tip ﬂoats
above the substrate (Figure 15b). At the same time, the
negatively charged SWNT nestles tightly to the positively
charged substrate surface.142 The bending force of the SWNT
balances the repulsive force between the catalyst and the
support surface, which keeps the catalyst ﬂoating with a raised
SWNT head, accounting for the growth of SWNTs longer than
100 μm. If such a “raised head” mechanism is valid, SWNT
growth should follow a tip-growth model. In 2008, Ago et al.
used the isotope-labeling method to visualize SWNT growth
and determine the SWNT growth model.145 Figure 15c shows

U=−

AL R
12 2 D3/2

,147 where A, L, R, and D are the Hamaker

constant, SWNT length and diameter, and the distance
between the SWNT and the substrate, respectively. The
sliding force originating from the vdWs interaction is expressed
dU

by F = − dL =

A R
12 2 D−3/2

. The formula indicates that during

the base growth process, the sliding force, which must be
overcome for growing long SWNTs, is constant regardless of
the SWNT length once growth starts.145 This work presents a
clear view of lattice oriented SWNT growth on sapphire
substrates.
R
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Figure 16. SWNT growth on Y-cut quartz surface. (a) Schematic illustration of the crystallographic planes of α-quartz and the orientation of the Ycut wafer. (b) AFM image of SWNTs grown on single-crystal quartz substrates. The arrows indicate the kinks. (c) G mode of an individual SWNT
for various angles between the polarization direction of the incident laser beam and the tube axis. (d) AFM images of SWNTs with diﬀerent
diameters. SEM images of SWNTs grown on quartz annealed at 900 °C for (e) 10 min and (f) 7 h. (g) AFM images of SWNTs grown with
diﬀerent catalyst densities. Reproduced with permission from ref 148. Copyright 2005 John Wiley and Sons.

grown from the patterned catalysts. HASAs with high surface
coverage were generated. The high magniﬁcation AFM image
presented in Figure 17c shows that the perfectly aligned
SWNTs prefer the (21̅1̅0) crystallographic direction of the STcut quartz.150 Similarly, Kang et al. demonstrated the growth of
perfectly aligned SWNTs on Fe stripes prepared by photolithography and electron beam evaporation.151 Figure 17d
presents the SEM image of SWNTs synthesized from the Fe
stripes using CH4 CVD at 900 °C. The bright stripes are the
Fe catalyst, of which their annealing in air led to the formation
of isolated nanoparticles for growing SWNTs.
In the above-mentioned SWNT growth on a quartz surface,
the major catalyst component is Fe and thermal calcination of
the quartz substrate is required to promote SWNT alignment.148 To simplify the substrate pretreatment process and
extend catalyst selection, Ding et al. proposed growing HASAs
from an unconventional Cu catalyst on unannealed ST-cut
quartz.152 Figure 17e shows an SEM image of SWNTs grown
with a spin-cast CuCl2−polyvinylpyrrolidone catalyst. Parallel
SWNTs along the X direction of the quartz, equivalent to the
[100] crystographic direction were seen. Some of the SWNT
bent to form a “sickle” structure with a curved segment. A
diameter change from 1.6 nm (d1, d2) to 1.9 nm (d3) and 2.1
nm (d4) along the length of the sickle SWNT was observed
(Figure 17f). Formation of the sickle SWNT was explained by
a “tip growth” mechanism, which begins with the SWNT
sliding with a small catalyst located at its tip along the X
direction of the substrate. If the sliding catalyst collides with
other nanoparticles and they merge forming a larger catalyst,
thus growing SWNT with a larger diameter. The large
diameter SWNT and catalyst weaken their anisotropic
interaction with the substrate surface lattice, which leads to
the generation of a “sickle” SWNT. The formation of “sickle”
SWNTs can be suppressed using a patterned Cu catalyst,
which yields perfectly aligned arrays of long SWNTs. This is
because the growing SWNTs do not run into other catalysts

Besides sapphire, other crystallographic faces can direct
SWNT growth on ﬂat substrates, where the alignment of
SWNTs is correlated with their surface symmetry and
structure. Figure 16a shows the schematic of a quartz crystal
with a trigonal symmetry and indicates the orientation of a Ycut wafer.148 Discrete catalyst particles were dispersed on the
Y-cut quartz for catalyzing SWNT growth, and AFM
characterizations (Figure 16b) showed a collection of wellaligned SWNTs with frequently observed kinks (marked with
arrows). Polarized Raman spectroscopy (Figure 16c) characterizations demonstrated the highly anisotropic optical properties of the SWNTs, indicative of their good alignment.149
Kocabas et al. systematically investigated the SWNT alignment
dependence on diﬀerent factors, including SWNT diameter,
substrate annealing, and catalyst density.148 Figure 16d depicts
an AFM image of SWNTs grown on a Y-cut quartz surface.
Based on the height measurement, a critical diameter of 1.5 nm
was revealed and only SWNTs with diameters smaller than the
critical value could be well aligned. Figure 16e,f presents
SWNT growth results obtained on substrates preannealed at
900 °C for durations of 10 min and 7 h. The SWNT alignment
was signiﬁcantly increased with the prolonged annealing time,
which originated from the increased order degree in the crystal
lattice near the surface. The catalyst density also aﬀected the
SWNT alignment degree. As shown in Figure 16g, a higher
particle density led to a higher SWNT coverage but a poor
SWNT alignment. The poor SWNT alignment at high catalyst
density is caused by the obstacle eﬀect of the particles, leading
to a trade-oﬀ between SWNT coverage and alignment.
In order to eliminate the obstacle eﬀect of unreacted
catalysts, spatially patterning of catalyst particles on stable
temperature (ST)-cut quartz was proposed.150 The experimental approach is illustrated in Figure 17a. The catalyst
patterning was realized by combining photolithography with
ferritin absorption on a quartz surface preannealed at a high
temperature. Figure 17b presents an SEM image of SWNTs
S
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Figure 17. Patterned catalyst for SWNT growth on an ST-cut quartz surface. (a) Schematic illustration of the steps for generating aligned SWNTs
from a patterned catalyst. (b) SEM image of SWNTs grown from Fe stripes. (c) AFM image of perfectly aligned SWNTs. Reproduced with
permission from ref 150. Copyright 2006 American Chemical Society. (d) SEM image of perfectly aligned SWNTs from Fe stripes. Reproduced
with permission from ref 151. Copyright 2007 Springer Nature. (e) SEM image of SWNTs synthesized from Cu catalyst. (f) AFM image of a
“sickle” SWNT. Reproduced with permission from ref 152. Copyright 2008 American Chemical Society. (g) SEM images of SWNTs grown from
10 diﬀerent metals. Reproduced with permission from ref 153. Copyright 2008 American Chemical Society.

oriented growth of SWNTs on an MgO (001) surface.154 A 0.1
nm Co layer was deposited onto the MgO surface and
activated by H2 reduction. This reduction process was proven
crucial for growing SWNTs because only ﬁsh-bone ﬁlaments
were synthesized on the unreduced Co particles. The
synthesized SWNTs grew along two perpendicular directions
[110] and [11̅0] on the MgO surface (Figure 18a). The
SWNT diameter was determined by AFM to be approximately
2 nm, which is close to the diameters of the surrounding Co
nanoparticles (Figure 18b). Similar to SWNTs grown on
sapphire or quartz surfaces, the strong interactions between
SWNTs and the MgO substrate deﬁne the observed
preferential directions. In a cubic MgO (001) facet, the
[110] and [11̅0] directions correspond to dense atomic rows
of pure oxygen atoms; therefore, alignment of the SWNTs
along these directions would maximize their interactions with
the oxygen atoms.

during growth, highlighting the importance of the patterning
catalyst for growing HASAs.
Such a patterned catalyst growth was applicable for 13
diﬀerent metals,153 including Fe, Co, Ni, Cu, Pt, Pd, Mn, Mo,
Cr, Sn, Au, Mg, and Al. Figure 17g displays the growth of
aligned SWNTs from 10 metals along the X direction of the
quartz substrate, although the yield and the alignment degree
vary for diﬀerent metals. As diﬀerent metals have diﬀerent
interactions with the substrate, this work further conﬁrms that
the SWNT−substrate interaction guides the SWNT alignment
direction. As metal particles provide a platform for SWNT
nucleation and growth, the SWNTs synthesized by diﬀerent
catalysts could possess diﬀerent chiral structures, which would
broaden the SWNT application ﬁelds.
Extensive investigations of HASAs growth on sapphire and
quartz substrates have been performed; however, few studies
have been performed on the lattice-oriented growth of SWNTs
on other crystal substrates. In 2007, Maret et al. reported the
T
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achieve better crystallization prior to catalyst dispersion. Figure
18d shows SEM images of SWNTs grown on diﬀerent
substrates using ethanol vapor as the carbon precursor. On the
quartz substrate with 3-fold symmetry, the synthesized SWNTs
are oriented along three identical directions (indicated by the
yellow arrows) owing to their strong adsorption energies with
the substrate. Because of possible thermal perturbation or
crystal defects, a direction change of the SWNTs was observed.
Furthermore, a closed polygon forms when the growing
SWNT tip meets and is barred by itself. Similarly, as there are
four identical directions on the MgO surface with a 4-fold
symmetry, the aligned SWNTs display rectangle angles. While
on layered mica, the formed SWNT cross-angles of 60° and
120° are attributed to the 6-fold symmetry of the substrate.
Consequently, it is practical to obtain SWNTs with controlled
geometry by choosing substrates with appropriate symmetry.155
In addition to the insulated oxide crystal substrates, the
graphite surfaces with D6h symmetry can also guide the
alignment of SWNTs across them.156 Figure 19a depicts the
landing of SWNTs grown by a “kite ﬂying” process, where
mechanically exfoliated graphene was deposited on a SiO2
surface prior to patterning the FeCl3−ethanol solution near the
graphene−SiO2 substrate. After an ethanol CVD reaction run
of 20 min, the system temperature was decreased from 950 to
850 °C within 1 h of landing the SWNTs. Figure 19b,c shows
AFM images of self-organized SWNTs on a graphene surface.
Each SWNT is anchored along a few directions with typical
turning angles of 60°, 120°, and 180°, reﬂecting the D6h
symmetry of the graphene lattice. Using the catalytically
etched zigzag trenches on the graphite surface as references,
the respective angles between the SWNTs and graphite were

Figure 18. Horizontally aligned SWNTs grown on MgO and mica
substrates. (a) SEM image of SWNTs grown on an MgO(001)
surface. (b) AFM image of an SWNT and its height proﬁle.
Reproduced with permission from ref 154. Copyright 2006 Elsevier
Inc. (c) Atomic diagrams of quartz (001), MgO (001), and layered
mica surfaces. (d) SEM image of SWNTs grown on quartz, MgO, and
mica surfaces. Reproduced with permission from ref 155. Copyright
2011 Elsevier Inc.

To further understand the SWNT alignment mechanisms on
the single crystal surface, Chen et al. compared the SWNT
growth results on substrates with diﬀerent symmetries,155
quartz (001), MgO (001), and layered mica, which have 3-, 4-,
and 6-fold symmetry, respectively (Figure 18c). All the
substrates were subjected to high temperature annealing to

Figure 19. Deposition of SWNTs on a graphene surface. (a) Schematic of the growth of SWNTs on a graphene surface. (b and c) AFM images of
SWNTs deposited on graphite surface. (d) Raman mapping result of the RBM band of an SWNT. The interaction energies between SWNTs and
their underlying graphene for a (e) (10,0) tube and (f) (5, 5) tube. Reproduced with permission from ref 156. Copyright 2013 Springer Nature.
U
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Figure 20. Formation of an SWNT crossbar network. (a) Cross junctions fabricated by PMMA mediated transfer. Reproduced with permission
from ref 159. Copyright 2008 American Chemical Society. (b) SWNT crossed-network architecture formed by a two-step growth process. (c) SEM
image of a crossed-network formed on ﬂat substrate. (d) SEM image of a suspended SWNT network. Reproduced with permission from ref 160.
Copyright 2003 John Wiley and Sons. (e) Sketch of the experimental setup and photo of the sample holder for sample rotation. (f) SEM image of
SWNT networks. Reproduced with permission from ref 161. Copyright 2008 American Chemical Society.

density were readily obtained (Figure 20a). This nanoscale
bricklaying technique is versatile in fabricating purpose
directed nanostructures. However, introduction of the
PMMA mediator would inevitably contaminate the transferred
SWNTs and aﬀect the performance of the SWNT built
devices. Consequently, construction of complex SWNT
architecture by direct CVD growth is a more promising
approach without introducing contamination.
The lengths of the aligned SWNTs guided by gas ﬂow can
reach several millimeters, facilitating the creation of multidimensional and multilayer SWNT networks by a multistep
growth process. Figure 20b presents a schematic of the crossed
SWNT network fabrication on either a ﬂat surface or a
microfabricated substrate utilizing a two-step process.160 A
“fast heating” process is ﬁrst carried out to grow ultralong
SWNTs on a patterned catalyst. After the ﬁrst growth, the
wafer is rotated with respect to the gas ﬂow direction for a
second SWNT growth from a newly patterned catalyst. Figure
20c shows a well-deﬁned crossed network structure on a ﬂat
substrate, which had been rotated 90° before the second layer
of SWNT growth. By tuning the rotation angle, 2D crossed
networks with any angle between the SWNTs could be
generated. Suspended, crossed multi-SWNT architecture is
readily fabricated by growing SWNTs on a patterned SiO2−Si
substrate (Figure 20d), where the SWNTs crossing over the
channel are suspended by the patterned ridges (insets of Figure
20d). The combination of SWNT length, orientation, and
substrate structure facilitates the creation of more complex
architectures, which could function as basic building blocks for
molecular electronics.160
Diﬀerent from the multistep growth approach, Hofmann et
al. designed an in situ sample rotation CVD setup for
generating complicated SWNT networks.161 Figure 20e
presents a sketch of the experimental setup and photograph

determined to be 69.8° (Figure 19b) and 45.7° (Figure 19c).
The determined angles cannot be explained simply by the
graphite symmetry. However, the results indicate that SWNT
alignment on the graphite surface depends on the SWNT
chiral angle, which can be deduced from Raman characterizations (Figure 19d). To understand SWNT alignment
mechanisms on graphite, theoretical calculations based on
the registry-dependent interlayer potential were carried out to
explore SWNT−graphite interfacial energies.157 Figure 19e,f
shows the interaction energies between SWNTs and the
underlying graphene for (10, 0) and (5, 5) tubes. Maximum
vdW interactions can be achieved if the interface between
SWNT and graphene has a similar AB stacking conﬁguration as
those between graphite layers.158 Therefore, zigzag (10, 0) and
armchair (5, 5) tubes prefer to be anchored along the
perpendicular directions of the 0° + i × 60°, 30° + i × 60°
(where i is an integer), respectively. The periodicity of 60°
reﬂects the D6h symmetry of the underlying graphite surface.
This work further highlights the importance of crystal
symmetry in aligning SWNTs, even if the SWNTs are
deposited instead of sliding directly onto the substrate.
2.2.5. Formation of Complicated SWNT Architectures. As discussed above, orientation of the SWNTs can be
regulated to some extent by an electric ﬁeld, gas ﬂow, atomic
step, and crystal lattice. By rational design of the experimental
process, fabrication of more complicated conﬁgurations, such
as crossbar and serpentine SWNTs, is also possible. An early
approach used to create the SWNT crossbar is simply to
transfer surface grown HASAs.159 Experimentally, horizontal
SWNTs grown by CVD were ﬁrst coated with a poly(methyl
methacrylate) (PMMA) ﬁlm. The PMMA coated SWNT ﬁlm
was subsequently peeled oﬀ and adhered to the target
substrate. By crosswise transferring the aligned SWNTs and
removing the PMMA, crossbar arrays with a high SWNT
V
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Figure 21. SWNT architectures formed by combining growth modes. (a) Schematic representation of the orthogonal self-assembly of SWNTs by
graphoepitaxy and electric ﬁeld directed growth. (b) AFM image of the SWNT crossbar structure. Reproduced with permission from ref 162.
Copyright 2006 American Chemical Society. (c) Illustration of SWNT crossbar formation by gas ﬂow and lattice directed growth. (d) SEM image
of formed SWNT architecture. Reproduced with permission from ref 163. Copyright 2009 American Chemical Society. (e) Schematic view of an Rplane sapphire substrate. (f) Schematic view of −1° miscut sapphire R-plane. (g) SEM images of orthogonally aligned SWNTs. Reproduced with
permission from ref 164. Copyright 2010 American Chemical Society. (h) SEM image of a serpentine SWNT. (i) Schematic representation of the
“falling spaghetti” mechanism. Reproduced with permission from ref 165. Copyright 2008 Springer Nature. (j) SEM image of long and dense
serpentine SWNTs. Reproduced with permission from ref 166. Copyright 2008 Springer Nature. (k) SEM image of serpentine SWNTs formed by a
controlled landing process. Reproduced with permission from ref 167. Copyright 2009 John Wiley and Sons. (l) Schematic illustration of
synthesizing monochromatic carbon nanotubes by acoustic-assisted CVD. Reproduced with permission from ref 168. Copyright 2016 American
Association for the Advancement of Science.

SWNTs nucleated from the catalyst nanoparticles on the bare
sapphire grew along the nanosteps, which are perpendicular to
the electric ﬁeld (Figure 21b). As the density of the SWNTs
along either the nanosteps or the electric ﬁeld is dictated by
factors such as catalyst concentration and SWNT−step
interaction, the SWNT density and the periodicity could be
regulated by carefully patterning the catalyst.162 Combining
the gas ﬂow directed mode with the lattice-orientated mode,
Zhang et al. grew SWNT crossbars in one batch where the gas
ﬂow direction was perpendicular to that of the quartz lattice.163
Figure 21c illustrates the growth process for SWNT crossbar
networks. Initially, two perpendicular strips of catalysts were
patterned on a quartz substrate and subjected to CVD
reaction. Lattice-oriented SWNTs follow a speciﬁc crystalline
surface of the substrate, and SWNTs oriented by gas ﬂow form
a few micrometers above the surface. Consequently, the two
alignment cases are compatible with each other and an SWNT
crossbar was obtained utilizing such a one-batch synthesis
(Figure 21d). SWNTs with lengths up to several hundred
micrometers were grown along the quartz lattice and the gas
ﬂow directions. In the process, careful selection of the reaction
temperature is necessary to minimize the trade-oﬀ between the
two growth modes. However, the position of the SWNT in the
gas-ﬂow directed growth is diﬃcult to deﬁne. To oﬀer siteselective growth of orthogonal arrays, Ago et al. proposed the
bidirectional SWNT growth based solely on controlling the
SWNT−substrate interaction.164 Because of the 1D array of
surface Al and O atoms on an R-plane sapphire substrate, the

of the sample holder. During the SWNT growth process, the
sample rotation was realized by an actuator feedthrough
manipulating a rod reaching into the heating zone. A complete
experiment contains three phases: the SWNT growth phase,
the intermediate phase where all SWNT growth is terminated,
and the cooling phase (Figure 20e). The gas ﬂow direction
utilized during the growth phase was 0°. The substrate was
rotated to θ2 = 30° at the beginning of the intermediate phase,
and θ3 was set as 30° during the cooling phase. A
representative SEM image of the synthesized SWNTs is
depicted in Figure 20f. The multiple rotation steps allow the
fabrication of complicated SWNT networks. In addition,
SWNTs oriented in all three directions were observed,
indicating that SWNTs are able to align with the gas stream
in all the three phases, which provides more insight into
SWNT landing behaviors during CVD growth in a timeresolved manner.
The SWNT networks formed in the above reports follow
only one alignment mode. In principle, a combination of any
two alignment modes (electric ﬁeld, gas ﬂow, atomic nanostep
and crystal lattice) could lead to the self-assembly of crossbar
architecture. For example, by simultaneous graphoepitaxy
along faceted nanostep and electric ﬁeld directed growth,
Ismach et al. reported orthogonal self-assembly of SWNT
crossbar in a single CVD step,162 which is schematically
illustrated in Figure 21a. In the experiment, Pt electrodes were
patterned for creating an electric ﬁeld to align SWNTs
originating from catalysts lying on SiO2 islands. While the
W
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than 3 mm. This highly eﬃcient SWNT growth is attributed to
the well-spaced Müller catalyst, which inhibits SWNT bundle
formation and promotes the buoyancy of tip-growth SWNTs
at the initial step of serpentine formation. Besides, the shape
and growth tendency of the serpentine SWNTs are sensitive to
the angle between the gas ﬂow and the substrate step edge.
Generally, with the increase of the angle, the number of turns
increases and the length of the straight segment before the
turns decreases. The phenomena were explained by the “falling
spaghetti” mechanism, where the geometry of the serpentine
SWNTs is governed by the competition of the latticealignment force (Fr) and the shear friction force (Fu).166
With the aim to further increasing the serpentine segment
yield, Yao et al. developed a rational method to regulate the
competition between the two forces during the SWNT
crinkling process.167 One key step in the experiment is to
slowly cool the system from 975 to 775 °C with variable time
after SWNT growth step, which guarantees that the SWNT
growth stage and the crinkling stage are adequately separated.
On the one hand, SWNTs with identical structures along their
entire lengths can be generated. On the other hand, slowly
cooling process allows a slow landing process, which favors the
SWNTs curling into serpentines. Figure 21k presents an SEM
image of serpentines prepared by cooling from reaction
temperature to 775 °C in 60 min. The lengths of the parallel
segments are several tens of micrometers, approximately 30−
80 times the distance between the parallel segments. Such
high-density parallel SWNTs could boost the extreme current
and improve the performance of ultrahigh current SWNTbased nanodevices. Nearly all SWNTs were contorted into the
lattice direction, indicating that slow cooling rate leads to an
enhanced Fr eﬀect. As the cooling duration decreases, the
length of parallel segments decreases and the curvature
diameter increases. Moreover, fewer turns were observed at
the end of each SWNT, suggesting that a weaker Fr eﬀect is
accompanied by an enhanced Fu, which is proportional to the
length of the ﬂoating SWNT portion. As Fu and Fr deﬁne the
ﬁnal geometry of serpentine SWNTs, the length, density, and
number of parallel segments in serpentine SWNTs can be
rationally controlled by carefully tuning the related parameters.
This controlled-landing growth approach provides access to
SWNT arrays with identical structures and broadens SWNT
applications in high-performance nanodevices.
The landing process of gas ﬂow directed ﬂoating SWNTs
could also be disturbed by acoustic waves, leading to easy
entanglement of the ultralong SWNTs,168 as schematically
illustrated in Figure 21l. A typical synthesized SWNT consists
of hundreds of small loops entangled by one SWNT with
lengths up to decimeters. To explain the formation of such a
tangled conﬁguration, an acoustic-induced vortex mechanism
was proposed. The initial growth ﬂow is a plane Poiseuille ﬂow
with parabolic pattern.169 With the disturbance of a periodic jet
driven by a loudspeaker, velocity ﬂuctuations in tandem with
vortices are generated. Owing to the eﬀect of viscous and
pressure diﬀusion, the vortices would propagate downstream
and interact with each other,170 stretching and rotating to form
smaller vortices. Because of a spatially symmetric interaction,
the small vortices become isotropic, resulting in a round shape
as a secondary structure. Raman spectroscopy and resonance
Rayleigh scattering veriﬁed the chiral consistency of the
ultralong carbon nanotubes. Such carbon nanotube tangles
could potentially be applied in diﬀerent areas like electronics,

anisotropic interaction aligns SWNTs parallel to the [11̅01̅]
direction (Figure 21e). Interestingly, the introduction of a
slight miscut on the substrate (−1°) would produce another
1D array of Al and O atoms along the [1̅1̅20] direction, thus
changing SWNT growth to a direction perpendicular to the
[11̅ 01̅] direction (Figure 21f). Systematic investigations
revealed that the H2 pretreatment of the −1° miscut sapphire
substrate could dramatically modify the surface structure of the
sapphire surface, while annealing at temperatures above 500 °C
recovered the original growth direction. Consequently, by
carefully choosing the H2 reduction time, orthogonally aligned
SWNT arrays with both growth modes were achieved (Figure
21g). This work provides a new method for controlling the
SWNT direction by modifying the substrate surface and oﬀers
a novel approach to fabricate SWNT-based architectures for
nanoelectronics.
In addition to well-deﬁned SWNT crossbars, complicated
SWNT geometries such as serpentine and coiled SWNTs can
be fabricated. Such curved geometries are common in many
functional systems, including antennas, radiators, and collectors. Geblinger et al. proposed a nonequilibrium selforganization of SWNTs, where the competition of adhesion
and aerodynamic forces induces SWNT oscillations as they
land on the surface.165 Prior to CVD growth, catalyst
nanoparticles were patterned on stripes or islands of
amorphous SiO2 parallel to the surface steps of the vicinal αSiO2 (11̅01) surface, which inhibits surface-bound growth and
promotes the growth of standing SWNTs. Figure 21h presents
an SEM image of a serpentine SWNT, which propagates in the
direction of the gas ﬂow and perpendicular to the steps. The
serpentine growth follows a proposed “falling spaghetti”
mechanism, which is schematically illustrated in Figure 21i.
The SWNT ﬁrst stands up by a “tip growth” mode following
the direction of gas ﬂow. When the SWNT length exceeds a
threshold, a rapid oscillatory fall process occurs. During this
process, the SWNT adsorbs onto the surface by tangentially
zipping down, preferentially along a surface step. Because of
the competition between the zipping motion pulling the lower
region and a drag force pulling its upper region in the opposite
direction, a suspended loop tangent to the surface is formed.
Once the opposed drag force is large enough to detach the
SWNT from the step, the zipping point propagates farther
away along the step, resulting in a change in the zipping
direction and the fall of the suspended loop on the surface,
ultimately forming a U-turn. The same process keeps repeating
until the entire SWNT is absorbed onto the surface in a
serpentine form. The strong SWNT−surface adhesion drives
the oscillatory fall process and is countered by the aerodynamic
drag and the elastic behavior of the SWNT.165 Therefore, the
gas ﬂow rate and direction, as well as the SWNT diametercorrelated U-turn diameter, have signiﬁcant eﬀects on the
shape of the SWNT serpentine. Such SWNT serpentines are
envisioned to be utilized for a wide range of applications in
nanodevices, including transmitting and receiving antennas and
optoelectronic devices. However, the yield and density of the
serpentines grown on most monometallic catalysts are not very
high. By using the Müller catalyst, an Fe and Mo complex
caging a Keggin ion at the core, Joen et al. reported an
eﬃcacious growth of serpentine SWNTs.166 Figure 21j shows
an SEM image of long, dense serpentine SWNTs grown on a
quartz substrate with the gas ﬂow direction perpendicular to
the direction of the step edge. Most of the produced SWNTs
contain both straight and serpentine segments and are longer
X
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Figure 22. SWNTs with increased density utilizing multiple transfers. (a) Schematic illustration of stacked multiple transfer process. (b) SEM
image of as-grown SWNTs. SEM image of SWNTs transferred to SiO2 substrate with (c) one, (d) two, and (e) four transfers. Reproduced with
permission from ref 175. Copyright 2010 Springer Nature. (f) Schematic of transfer process through multiple sacriﬁcial layers. (g) SEM image of
SWNTs after one, two, and four transfers. (h) SEM image of transferred SWNTs without sacriﬁcial layer. (i) High density transferred SWNTs
achieved with sacriﬁcial layer. Reproduced with permission from ref 176. Copyright 2011 American Chemical Society.

transparent display, sensors, and super ﬁbers if the density of
the carbon nanotube can be increased further.

2.3.1. Multiple Time Transfer Process. In most
horizontal SWNT array growth by the conventional method,
the typical SWNT density is restricted to 1 to 10 tubes/μm.
One eﬀective approach to increase the SWNT density is to
increase the catalyst density; however, this approach can only
increase the density to a certain level, beyond which SWNT
bundles or multiwalled carbon nanotubes are generated.174 In
addition, excessive catalyst particles block the emergence of
aligned SWNTs and deteriorate the degree of alignment. In
order to increase SWNT density while maintaining SWNT
alignment, Wang et al. developed a stacked multiple transfer
technique,175 which is illustrated in Figure 22a. Aligned
SWNTs were ﬁrst synthesized on ST-cut quartz substrates
with a low-pressure ethanol CVD, which yields SWNTs with
an average density of 15−20 tubes/μm. These SWNTs were
transferred onto SiO2−Si substrates utilizing gold ﬁlm
deposition and the thermal release tape method. These Au
ﬁlm containing aligned SWNTs can be repeatedly transferred
onto the top of other Au ﬁlms. Finally, all the Au ﬁlms were
etched at the same time, collapsing the transferred SWNTs
onto the targeted substrate with improved density. Figure
22b−e presents SEM images of as-grown aligned SWNTs,
SWNTs after one, two, and four transfers, respectively. The
SWNT density increased from 15 to 29 tubes/μm after two
transfers and reached 55 tubes/μm after four transfers.
However, compared to the SWNTs grown on the quartz
surface, the transferred SWNTs were not as straight. The slight
waviness of SWNTs was caused by the perturbation during Au
etching and the deionized water rinsing process.175 To
improve the straightness and density of the transferred
SWNTs, Shularker et al. developed a multiple transfer method

2.3. Growth of High-Density Horizontally Aligned SWNTs

Since the ﬁrst demonstration of SWNT-based FET,171 the
pursuit of high-performance transistors that can drive a
suﬃciently high current has been ongoing.172 In a technological application, each transistor would require several
parallel SWNT channels and a baseline target of 125 tubes/
μm should be attainable.44 In order to surpass the performances of silicon-based complementary metal-oxide-semiconductors (Si-CMOS), Patil et al. estimated that SWNT density
must be approximately 250 tubes/μm.173 Other applications
such as radio frequency applications, plastic electronics, display
technologies, sensors, and electrodes also demand massive
parallel SWNT arrays with high densities. Ideal SWNT ﬁlms
should contain clean, aligned, undamaged, and individual
SWNTs with controlled surface coverage. Grounded on the
eﬀorts in synthesizing HASAs by diﬀerent methods, attempts
in achieving high-density SWNTs have been made in the past
20 years. In electric ﬁeld directed growth of SWNTs,
increasing the ﬁeld strength could increase the density of the
aligned SWNTs.38,122 Unfortunately, an electric ﬁeld that is too
high causes arcing between the electrodes, inhibiting further
increases of the SWNT density. In the case of gas ﬂow guided
SWNT array growth, a high density of SWNTs could lead to
the formation of SWNT bundles. Further considering the
lattice-oriented CVD provides straighter and longer SWNTs
than those synthesized by atomic step-guided CVD, a majority
of the eﬀorts of improving SWNT density were focused on
lattice-oriented SWNTs.
Y
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Figure 23. High-density SWNT growth by the multitime CVD process. (a) Schematic illustration of the procedure for multiple CVD growths. (b)
SEM and AFM images of SWNTs synthesized at the single- and double-growth areas. Reproduced with permission from ref 174. Copyright 2010
John Wiley and Sons. (c) Schematic illustration of strategy for the three cycle CVD growth. SEM image of the same area after (d) ﬁrst and (e)
second growths. Reproduced with permission from ref 178. Copyright 2011 American Chemical Society.

growth strategy was proposed for promoting catalyst eﬃciency
and SWNT density on a SiO2−Si surface.177 In this work, the
catalyst particles were reactivated by heat treatment after the
ﬁrst growth and were subsequently applied for a second time
growth of SWNTs. By repeating the catalyst reactivation and
SWNT growth multiple times, high density, randomly oriented
SWNTs were synthesized.177 This method of multitime growth
was also applicable for improving SWNT density in aligned
arrays. In 2010, Hong et al. reported a sequential CVD growth
to synthesize HASAs with improved density,174 as schematically illustrated in Figure 23a. The process began with the
catalyst line deposition on an ST-cut quartz substrate for
growing HASAs by ethanol CVD. After the growth, bare quartz
lines were created by selective exposure of the SWNT
segments to oxygen plasma for depositing fresh catalysts. A
second CVD growth was then performed to obtain highdensity SWNTs. Prior to the second growth, the catalyst
pretreatment conditions should be carefully chosen to avoid
damaging the pre-existing SWNTs. Figure 23b shows SEM and
AFM images of SWNTs synthesized from the process. The
sample involves both single- and double-growth regions.
Owing to the increased SWNT density in the double-growth
region, the SEM image is brighter than that of the singlegrowth region. The SWNT density increase that occurred after
a second growth was also veriﬁed by the AFM characterizations, which showed a growth approximately 1.5−2 times
higher than that of the single-growth, and a peak density of
∼45 tubes/μm could be achieved in a certain area. Although in
principle, the process can be extended to multitime growth, the
approach can only increase the density 2−3 times higher than
that of a single-growth strategy due to the arithmetic increase
in SWNT density with each growth.

through multiple sacriﬁcial layers, which demonstrated a linear
increase in the SWNT density and improved SWNT
alignment.176 After the SWNTs were transferred onto the
targeted substrate, heat treatment and a timed Ar plasma
sputter etch were carried out to remove the tape and bulk Au,
leaving a thin sacriﬁcial layer of Au covering the SWNTs
(Figure 22f). Figure 22g shows SEM images of SWNTs
transferred one, two, and four times. The SWNT density
increases linearly with the increase in the number of transfers.
In the process, the sacriﬁcial Au layer is responsible for
successfully transferring the SWNTs multiple times. Besides
serving to separate SWNTs and providing a clean surface for
the next transfer, the sacriﬁcial Au layer could anchor the
SWNTs already transferred onto the substrate to prevent
SWNT aggregation. Without the Au layer, adhesion of latter
transfers is signiﬁcantly reduced due to contamination on the
wafer surface and an increase in SWNT-to-SWNT interactions,
which reduces SWNT−substrate adhesion and is unfavorable
for subsequent transfers. In fact, during the wet Au etching
process, the SWNTs layered on top of each other “zip”
together due to capillary forces in the absence of a sacriﬁcial
layer (Figure 22h). Compared with the stacked multiple
transfer technique, transferring SWNTs using multiple
sacriﬁcial layers could maintain SWNT alignment (Figure
22i) and is highly scalable. Additionally, the linear SWNT
density increase resulted in an ideal linear increase in the drainsource currents of the SWNT FETs.176
2.3.2. Multiple Time Growth Process. Despite the
progress in multiple transfer methods, these approaches
usually suﬀer poor SWNT alignment or relatively low density
caused by the etching process. Given the constraints of the
transfer process, it is necessary to develop diﬀerent approaches
for growing high-density SWNTs directly. In 2004, a multitime
Z
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Figure 24. Growth of high density SWNT arrays by regulating reaction parameters. (a) AFM image of SWNTs synthesized using ethanol CVD on
a quartz surface. Reproduced with permission from ref 152. Copyright 2008 American Chemical Society. (b) Improved SWNT density by
thiophene addition. SEM image of an SWNT array grown using an Fe catalyst (c) without thiophene and (d) with 0.01 wt % thiophene in ethanol
and methanol. AFM image of SWNTs enhanced by thiophene for (e) Fe and (f) Cu catalyst. Reproduced with permission from ref 182. Copyright
2009 American Chemical Society. (g) Schematic illustration of graphene assisted horizontal SWNT growth. (h) SEM image of SWNTs grown with
graphene assisted CVD. (i) SEM image of SWNTs synthesized from printed catalyst. Reproduced with permission from ref 184. Copyright 2014
Royal Society of Chemistry.

growth, the carbon source was constantly provided throughout
the reaction step; however, the carbon source was stopped in
several cycles during “periodic” growth. Compared with
SWNTs grown by normal growth, SWNTs synthesized by
“periodic” growth demonstrated a higher density and more
stable growth results regardless of the catalyst concentrations,
substrates, catalyst types, and growth conditions. The
enhanced growth eﬃciency was also attributed to greater
catalyst nucleation in the “periodic” growth process. Although
SWNTs grown by “periodic” growth were ∼60 times greater
than SWNTs grown with conventional methods, the maximum
SWNT density was still lower than 10 tubes/μm.179
2.3.3. High-Density SWNT Growth by Optimizing
Reaction Parameters. In most multitime growth processes,
SWNT density does not increase linearly with the growth
cycles. For example, with multiple catalyst reactivations, the
density of SWNT arrays can only increases 65%,180 which is
much lower than what is demanded for high performance
FETs. Because all the parameters involved in CVD could aﬀect
the SWNT growth results, optimization of diﬀerent CVD
parameters has been performed to increase the density of
HASAs.181 Early work by Ding et al. reported the growth of
high-density parallel SWNT arrays on a quartz substrate using
a Cu catalyst with a ﬂow of H2 and Ar-bubbled ethanol.152
Figure 24a shows an AFM image of a 1 μm × 0.75 μm area,
where 22 SWNTs were observed, and the highest density, 50
tubes/μm was achieved on some areas of the quartz surface.
The combination of appropriate carbon source, quartz
substrate, catalyst, and reaction temperature was responsible
for the high SWNT growth density. It was later discovered that
the addition of thiophene to the reaction mixture could

The multicycle CVD method was also applied to synthesize
large diameter SWNTs with densities of 20−40 tubes/μm.178
Figure 23c presents the schematic of the three-cycle growth
process using methanol−ethanol as the carbon feedstock,
which was stopped for short periods intermittently. After a
typical three-cycle process, the SWNT density was 3−4 times
greater than the sample synthesized by one-time growth (∼5
tubes/μm). This process is diﬀerent from the work by Hong et
al.,174 because no new catalyst was fed prior to additional CVD
cycles. The enhanced SWNT density is attributed to the
increased probability for catalyst activation and SWNT
nucleation in the multicycle growth. At the beginning of
each growth cycle, there are always some newly activated
catalyst particles which initiate the growth of new SWNTs.
Figure 23d,e compares the SWNTs grown on the same area of
a quartz wafer after the ﬁrst and second growth cycles. During
the second cycle of CVD, nine new SWNTs grew out from the
catalyst, which are indicated by red arrows in Figure 23d,e.
TEM characterizations revealed an average diameter of 2.4 nm.
The results conﬁrm that multicycle CVD is an eﬀective
method to improve catalyst eﬃciency and increase SWNT
density. However, partial etching of the SWNTs was also
observed during the second growth cycle (indicated by black
arrows in Figure 23e) and increasing the growth cycle number
to more than four could decrease the SWNT density. This is
because in the reactive environments, there exist two
competing reactions: growth and etching, and the etching
role is dominant when further increasing the number of growth
cycles.
Similarly, Wu et al. proposed a “periodic” approach for
achieving high-density SWNT arrays.179 During normal
AA
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improve the SWNT density by a factor of 2.182 Patterned Fe or
Cu catalysts on a Y-cut quartz substrate were annealed and
reduced at 750 °C prior to exposure to the carbon source
(ethanol−methanol) at 900 °C. A typical SWNT density of
∼2−4 SWNT/μm was observed. By adding an appropriate
amount of thiophene into the carbon source (0.005−0.1%),
the SWNT density increased to 6−8 tubes/μm (Figure 24b).
The enhanced SWNT growth caused by the addition of
thiophene was also evident in the catalyst line regions shown in
Figure 24c,d (indicated by red arrows). The density increase
was observed for both the Fe and Cu catalysts (Figure 24e,f);
therefore, it is the sulfur, generated from the decomposition of
thiophene, that promoted the density enhancement for surface
grown SWNTs.183 On one hand, the eﬀect of sulfur is to
interact with the growing SWNTs and stabilize them. On the
other hand, sulfur atoms could adsorb on the catalyst surface,
aﬀecting the eutectic point of the catalyst and preventing the
catalyst from poisoning. Both of these eﬀects make the growth
process more favorable for the nucleation and growth of
aligned SWNTs.182
Besides the addition of sulfur, the graphene−graphite sheet
was also reported to assist the synthesis of high-density SWNT
arrays.184 Figure 24g shows a schematic illustration of the
process. The graphene sheets synthesized on a Cu substrate
were released by etching the Cu in aqueous FeCl3. The
released graphene sheet was then transferred onto one end of
the Si substrate and utilized for growing HASAs. In the CVD
process, the residual metal ions act as a catalyst precursor for
nucleating SWNTs. Figure 24h,i compares the densities of
SWNTs grown with the assistance of graphene sheets and with
catalysts loaded by microcontact printing. Clearly, SWNTs
grown from the printed catalyst have a lower density than
those synthesized from the graphene supported catalyst. This is
because catalyst deposited by microcontact printing is easily
agglomerated during CVD, while the graphene sheets facilitate
the formation of small, uniformly distributed nanoparticles,
which are crucial for the high-density growth of SWNTs.
Further investigations showed that during the reduction
process, catalyst particles would consume the carbon atoms
of the graphene sheets, which generated serpentine holes
eﬀectively hindering aggregation of the catalyst particles.
Meanwhile, the graphene sheets could also serve as a carbon
source, promoting the precipitation of ultralong SWNTs.184
This approach is promising for integrating SWNT devices with
graphene−graphite electrodes, paving the way for fabricating
all-carbon electronics.
2.3.4. High-Density SWNT Growth Using “Trojan”
Catalysts. From the multitime and graphene-assisted growth
process, it is hinted that the catalyst regulation shows great
potential in achieving high-density horizontal SWNTs. The key
issues for dense SWNT growth include how to maintain
catalyst activity, giving more opportunities for catalyst
activation and providing more catalysts for CVD growth. By
designing trojan catalysts, which keep producing new active
particles during the CVD process, Hu et al. achieved ultrahighdensity growth of SWNT arrays on a sapphire substrate.37
Figure 25a shows a schematic of the process. The dispersed
catalyst was ﬁrst dissolved and stored onto the substrate by a
high-temperature annealing process. Upon H2 reduction, the
catalyst particles were gradually released, which reduced the
possibility of interactions between active particles, therefore,
increasing the catalyst eﬃciency and favoring the growth of
HASAs with high densities. Figure 25b presents SEM and
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Figure 25. SWNT growth from “trojan” catalysts. (a) Schematic
illustration of high density SWNT growth from trojan catalysts. (b)
SEM image and AFM image (inset) of SWNTs with a density of 130
tubes/μm. (c) AFM image of dispersed Fe(OH)3 nanoparticles. (d)
AFM image of sapphire supported catalyst after high temperature
annealing. (e) AFM image of the substrate after H2 reduction. (f)
SEM image of SWNTs grown after 5 min. (g) SEM image of the same
area after a second growth at 10 min. (h) SEM image of SWNTs after
a third growth at 30 min. Reproduced with permission from ref 37.
Copyright 2015 Springer Nature.

AFM images of SWNTs grown by Fe trojan catalysts on the Aplane of a sapphire substrate. From the high magniﬁcation
images (insets of Figure 25b), the maximum aligned SWNT
density was approximately 130 tubes/μm. To verify the
dissolve-and-release mechanism for the trojan catalyst, AFM
characterizations were performed to follow the Fe catalyst
evolution on the sapphire surface. Figure 25c shows an AFM
image of Fe(OH)3 dispersed by spin coating onto the sapphire
substrate, and aggregated Fe(OH)3 nanoparticles were clearly
observed. After annealing at 1100 °C for 8 h, the nanoparticles
disappeared from the sapphire surface (Figure 25d). XPS
depth analysis showed that the content of Fe(III) displayed an
exponential decrease with the increasing depth of the substrate,
suggesting that Fe(III) had dissolved into the bulk sapphire,
forming a solid solution during the heating process. Upon
reduction, the Fe2O3 could be reduced and the reduced Fe(0)
atoms migrated onto the sapphire substrate, forming uniform
Fe nanoparticles (Figure 25e). Owing to the diﬀerent depths of
Fe(III) inside the sapphire substrate, the Fe(III) reduction rate
is not high, ensuring a continuous supply of small nanoparticles
for continuous growth of the SWNTs. The gradual release of
catalyst was also conﬁrmed by the increased SWNT density
with increased reaction time. Figure 25f−h depicts SEM
images of SWNTs grown on the same substrate for diﬀerent
growth times. The density of HASAs increased from <1 tube/
μm after 5 min of growth to approximately 10 tubes/μm after
10 min of growth, and the highest density (130 tubes/μm) was
reached after 30 min of growth. These results indicate that new
catalysts were formed continuously, catalyzing the growth of
new SWNTs. The trojan catalyst provides a new approach for
supplying new catalysts in situ to catalyze high-density SWNT
growth.37 In addition to Fe, catalysts, such as Co, Mn, and
Mo,185 can also form trojan catalysts with a sapphire substrate,
which suggests the versatility of this approach. By combining
trojan catalysts with Mo nanoparticles as the cooperating
AB
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Figure 26. Substrate guided growth of long SWNTs. (a) SEM image of graphoepitaxial SWNTs grown along straight nanosteps of a C-plane
sapphire. Reproduced with permission from ref 136. Copyright 2005 American Chemical Society. (b) SEM image of SWNTs grown from a WC
catalyst on the sapphire surface. (c) SWNT length plotted against the SWNT chiral angle. Reproduced with permission from ref 51. Copyright
2017 Springer Nature. (d) SEM image of SWNTs grown on a patterned Fe catalyst on quartz substrate. (e) Length distribution of the SWNTs.
Reproduced with permission from ref 190. Copyright 2007 American Chemical Society. (f) Millimeter long SWNTs grown along the quartz surface
on a Cu catalyst. Reproduced with permission from ref 152. Copyright 2008 American Chemical Society.

end on the SiO2 islands lay parallel to the electrical ﬁeld, while
SWNTs with both ends on the sapphire substrate aligned along
the nanosteps. It is thus suggested that the graphoepitaxial
SWNTs separate electric ﬁeld guided SWNTs from the
sapphire substrate, which promotes the growth of long
SWNTs aligned with the electric ﬁeld.
2.4.2. Substrate Guided Growth of Ultralong SWNTs.
For atomic step guided growth, most SWNTs are shorter than
10 μm because of the strong SWNT−substrate interaction,135
which makes sliding the SWNTs diﬃcult. From the SEM and
AFM images of SWNTs templated by atomic steps on
sapphire, the SWNT lengths range from several hundreds of
nanometers to several micrometers.135 While on faceted
nanosteps, the average SWNT length could reach ∼50 μm
(Figure 26a).136 The wake-growth mechanism is responsible
for the short SWNTs grown along the atomic steps. Even in
the presence of an electric ﬁeld, the SWNT growth direction is
solely dictated by the nanosteps, indicating that the vdW
interactions between the SWNTs and the nanosteps are
extremely strong, which is unfavorable for growing long
SWNTs. Although strong interaction between the SWNTs and
the underlying sapphire substrate during crystal lattice oriented
SWNT growth also exists, the SWNT length was suggested to
be sensitive to the SWNT density141 and a typical length of
100 μm was obtained at a low SWNT density.138,140 Besides,
Zhang et al. showed that the SWNT length is also sensitive to
SWNT growth kinetics.51 Figure 26b presents an SEM image
of SWNTs grown from a tungsten carbide (WC) catalyst on
the sapphire surface. The longest SWNTs are (12, 6) SWNTs
with a chiral angle of 19.1° (Figure 26c) because (2n, n)
SWNTs have the most kinks at the SWNT−catalyst interface,
which facilitates the carbon incorporation, resulting in the
highest growth rate.89,106
Compared with products grown on sapphire, the SWNTs
synthesized on quartz substrate are much longer, suggesting
that the friction force for SWNT sliding on quartz could be
much smaller. Figure 26d presents an SEM image of aligned

catalysts, perfectly aligned SWNTs with a local density up to
160 tubes/μm were obtained.186 Particularly, SWNTs grown in
this fashion always consist of individual SWNTs, which is
crucial for their potential applications in nanodevices.
2.4. Growth of Ultralong Horizontal SWNTs

The length of the SWNTs is another important factor for their
potential applications. Ultralong SWNTs with uniform
structures can be ideal candidates for fabricating numerous
nanodevices with identical features.117,187 For example, long
metallic SWNTs could act as a nanoconducting cable for
wiring microelectronic devices,107 and long semiconducting
SWNTs with monochirality would enable the fabrication of
numerous uniform SWNT-FETs.187 Consequently, pursuit of
horizontally aligned, ultralong SWNTs has been a challenging
area in the ﬁeld of SWNT synthesis.
2.4.1. Electric Field Directed Growth of Long SWNTs.
In the case of electric ﬁeld directed SWNT growth, the SWNT
length is inhibited by the gaps between the electrodes, which
generally range from several micrometers to several tens of
micrometers.38 Meanwhile, SWNTs grown with a base growth
mode need to slide on the substrate surface, which could
deactivate the catalyst. As a result, the lengths of SWNTs
aligned by an electric ﬁeld are relatively short. For example,
although the maximum spacing between the outer poly-Si
electrodes was 100 μm, very few SWNTs crossing the outer
electrodes were observed in the work performed by Zhang et
al.38 In the subsequent work of Ural et al., the gap distance
between electrodes was only 10 μm, which can only align
SWNTs with a maximum length of 10 μm.122 The electric ﬁeld
directed long SWNTs declared by Joselevich et al. were only
approximately 15 μm in length.123 Although some latter works
were also devoted to growing directional SWNTs using electric
ﬁelds,188,189 the length of the generated SWNTs was less than
10 μm. The estimated longest SWNTs grown under an electric
ﬁeld were greater than 50 μm.162 Such SWNTs were grown on
amorphous SiO2 supported Fe nanoparticles, which had been
patterned on a sapphire substrate. SWNTs having at least one
AC
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Figure 27. Growth of ultralong carbon nanotube arrays. (a) Array of 1.5 mm long SWNTs shown in a mosaic of SEM images. Reproduced with
permission from ref 191. Copyright 2004 American Chemical Society. (b) SEM images along a 4 cm SWNT. Reproduced with permission from ref
117. Copyright 2004 Springer Nature. (c) SEM images of 18.5 cm SWNTs. Reproduced with permission from ref 187. Copyright 2009 American
Chemical Society. (d) Optical image of a 20 cm long Si substrate and substrates connected by Si and SiO2, on which 20 cm long carbon nanotubes
are synthesized. Reproduced with permission from ref 192. Copyright 2010 American Chemical Society. (e) SEM images of a 50 cm long carbon
nanotube. (f) Schematic illustration of carbon nanotube growth, following the Schulz−Flory distribution. Reproduced with permission from ref 39.
Copyright 2013 American Chemical Society.

growing SWNT tip at a rate of 11 μm/s. With this approach, it
is possible to grow SWNTs continuously without any apparent
length limitation. Using monodispersed Fe−Mo nanoparticles
as catalysts, Wang et al. demonstrated the growth of ultralong
SWNTs with ethanol and H2O as feed gases.187 As H2O can
promote catalyst activity and remove amorphous carbon,
SWNTs longer than 18.5 cm were grown on the SiO2−Si
substrate (Figure 27c). To avoid contamination of the SWNTs
by the catalyst-related residual materials, a superaligned carbon
nanotube ﬁlm was used as a catalyst supporting ﬁlm and a
separate Si substrate was applied to receive the growing
SWNTs. SEM images of the SWNT sections taken at the
beginning, middle, and end of the receiving substrate (Figure
27c) suggested that the SWNTs grew across the trenches
between the substrates,187 and the estimated SWNT growth
rate was more than 40 μm/s. With the enhancement eﬀect of
the H2O, a growth rate of 80−90 μm/s was achieved by Wen
et al.,192 who grew 20 cm long carbon nanotubes using gas
ﬂow-directed CH4−H2O CVD (Figure 27d), although most of
the cm-long carbon nanotubes were double- and triple-walled.
By further optimizing the growth conditions and moving the
furnace during CVD, the carbon nanotube growth rate can be
enhanced to more than 1 mm/s, resulting in the growth of
carbon nanotubes longer than 55 cm39 (Figure 27e).
In all the experiments endeavoring to grow ultralong carbon
nanotubes, not all the carbon nanotubes were able to reach the
maximum length and the tube density gradually decreases with
distance. To explain the phenomena, Zhang et al. adopted the
Schulz−Flory distribution,39 which is a mathematical function
describing the relative ratios of polymer with the diﬀerent
lengths after a polymerization process, to describe the relative
ratios of carbon nanotubes of diﬀerent lengths (Figure 27f).
The growth of carbon nanotubes by ﬂoating CVD ﬁts with the
prerequisites of the Schulz−Flory distribution, which includes
the equal activity of carbon source molecules, a kineticscontrolled polymerization process, and a stable growth state.
Whether a catalyst remains active or not during the carbon

SWNTs grown from Fe catalyst lines on a quartz substrate.190
From the length distribution (Figure 26e), the average length
is ∼300 μm with the longest SWNT being 1 mm. It was
suggested that the relatively high reaction temperature and low
ethanol pressure account for the growth of long SWNTs.
When SWNTs reach a critical length, the driving force of the
SWNT growth cannot overcome the friction force, therefore,
terminating the growth of SWNTs following a base growth
model. However, Ding et al. proposed that SWNT growth on a
quartz substrate could adopt a tip growth model, where the
catalyst particles ﬂy over the substrate, minimizing their
interactions with the substrate.152 As a result, the maximum
length of SWNTs generated by such a method was reportedly
be a few millimeters (Figure 26f). However, the distance
between the catalyst and the substrate surface is not large
during the CVD process, and SWNT−substrate interactions
tend to drag the catalyst onto the substrate, which inevitably
deactivates the catalyst. Consequently, longer SWNTs could
not grow through the surface guided techniques.
2.4.3. Gas Flow Promoted Growth of Ultralong
SWNTs. As the distance between the catalyst and the substrate
during gas ﬂow directed SWNT growth is relatively large,
SWNTs adopting a “kite” mechanism could grow to be very
long. “Kite” growth was ﬁrst proposed by Huang et al. in 2003,
who reported the growth of millimeter long SWNTs by a “fast
heating” process.127,128 Later, Yu et al. simpliﬁed the growth
process and demonstrated the growth of 1.5 mm long, straight
SWNTs without rapid heating (Figure 27a).191 Two key
factors are considered to contribute to the growth of long
SWNTs. One is the minimized gas turbulence by a special gas
injector, which allows the SWNT to grow in a direction parallel
to the gas ﬂow; the other is the Au underlayer support which
elevates the catalyst well above the substrate and allows SWNT
growth without substrate interference. SWNTs longer than 4
cm were ﬁrst reported by Zheng et al. utilizing ethanol CVD
(Figure 27b).117 During the growth process, the Fe catalyst is
expected to ﬂoat just above the Si substrate and move with the
AD
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Figure 28. Diameter controlled synthesis of horizontal SWNT arrays. (a) TEM image of Fe−Mo nanoparticles. (b) Diameter distribution of
SWNTs synthesized by “fast heating” on Fe−Mo catalyst. Inset is the AFM image of the oriented SWNTs. Reproduced with permission from ref
194. Copyright 2015 Springer Nature. (c) Evolution of nanoparticles upon calcination in an ultrahigh vacuum. (d) SEM image of SWNTs grown
on a sapphire substrate from Fe particles preannealed in a vacuum for 1 h. (e) Diameter distribution of SWNTs determined by Raman
spectroscopy. Reproduced with permission from ref 195. Copyright 2011 American Chemical Society. (f) SEM image of SWNTs grown on
annealed Fe nanoparticles. (g) Diameter distributions of SWNTs and annealed Fe catalysts. Reproduced with permission from ref 196. Copyright
2012 Institute of Physics.

target substrate, the researchers further proposed to modify the
hydrophilic substrate to a hydrophobic substrate by chemical
modiﬁcation using hexamethyldisilazane. The contact angle of
bare SiO2 substrate increased from 32° to 110° after chemical
modiﬁcation, which greatly enhanced the dispersion of the
Fe−Mo nanoparticles with heights on the substrate in the
range of 2.0−5.0 nm. Horizontally aligned SWNTs were later
synthesized by a “fast heat” approach, leading to ultralong
SWNT arrays. The inset of Figure 28b shows an AFM image of
SWNTs grown on the hexamethyldisilazane-modiﬁed substrate. Statistics on the SWNT heights revealed that the
SWNTs had diameters ranging from 0.5 to 2.5 nm with a mean
diameter of 1.26 nm (Figure 28b). This diameter distribution
is much narrower than that of the randomly distributed
SWNTs grown on a bare substrate. The combination of
uniform Fe−Mo particles, the hydrophobic nature of the
modiﬁed substrate, and the tip-growth model of the SWNTs
account for the narrow SWNT diameter distribution.194
Besides preparing uniform catalyst particles, proper thermal
treatment of the dispersed nanoparticles could promote the
preparation of particles with a narrow diameter distribution,
therefore, favoring the growth of SWNTs with narrowly
distributed diameters.195,196 Figure 28c illustrates the evolution
of Fe nanoparticles after annealing in an ultrahigh vacuum.195
The Fe nanoparticles were deposited onto the sapphire
substrate by magnetron sputtering, and the sputtered Fe
nanoparticles displayed a broad diameter distribution ranging
from 0.2 to 3.5 nm. SWNTs grown on the Fe catalysts showed
a widely distributed diameter distribution in the range of 1.2−
2.4 nm. Annealing in the ultrahigh vacuum (∼5 × 10−6 Pa) for
1 h reduced the particle sizes and narrowed the particle
diameter distribution. Two mechanisms were proposed to
explain the diameter decrease upon annealing. The ﬁrst is the
Fe evaporation because the vapor pressure of Fe is higher than
the annealing pressure, and Fe nanoparticles with high surface
energy are likely to evaporate. The second is the subsurface
diﬀusion of Fe atoms into the sapphire, which was evidenced
by TEM observations. The diﬀused Fe could act as an anchor
to constrain the rapid evaporation of Fe, resulting in the
formation of Fe nanoparticles with a very narrow diameter
distribution. Figure 28d presents an SEM image of SWNTs

nanotube growth process is a probability event. The catalyst
activity probability, α, is deﬁned as the probability that a
catalyst remains active until the carbon nanotube adds a unit
length of 1 mm. In contrast, (1 − α) is the catalyst deactivation
probability. Given a suﬃcient carbon supply and constant
growth rate, the percentage of carbon nanotubes (PL) with
length (L) can be expressed as follows: PL= α(L − 1)(1 − α).
The nanotube density (dL) at a distance from the starting
position is deﬁned as the total portion of carbon nanotubes
∞
longer than L: dL ∑L PL = α(L − 1). With an increase in length,
the density of the ultralong carbon nanotubes decreases for any
value of α, and the density decreasing rate is slower if the value
of α is larger. Consequently, to synthesize ultralong carbon
nanotubes with a high density, it is important to improve α to
obtain the largest possible value.39 This work provides insight
into the ﬂoating growth process, which helps with the rational
design of the growth process for growing ultralong carbon
nanotubes with high densities.
2.5. Diameter-Controlled Synthesis of Horizontal SWNT
Arrays

Synthesis of SWNTs with controlled diameters is one of the
long-standing goals in the ﬁeld of SWNT synthesis. As the
SWNT diameter is correlated with the catalyst diameter in two
nucleation modes, the tangential and perpendicular modes,
there are two strategies for controlling SWNT diameters. One
is to grow SWNTs through the tangential mode on catalyst
particles with uniform diameters.109,112 The other is to
synthesize SWNTs by the perpendicular mode, particularly
when using speciﬁc carbon sources,85 such as CO193 and
ethanol.76 These methods are also applicable for growing
horizontal SWNTs with a narrow diameter distribution.
2.5.1. Horizontal SWNT Array Synthesis on Uniform
Catalyst Particles. To generate uniform catalyst nanoparticles, Chen et al. prepared Fe−Mo nanoparticles by
thermal decomposition of Fe(CO)5 and Mo(CO)6 in the
protection of surfactant.194 Figure 28a presents a TEM image
of the prepared Fe−Mo catalysts, which exhibit uniform
diameters of 3.8 ± 0.8 nm. As the Fe−Mo nanoparticles were
dispersed in a hydrophobic solvent (n-heptane), with the goal
of minimizing the particle aggregation when coating on the
AE
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Figure 29. Growth of SWNTs by perpendicular mode. (a) TEM image of Co nanoparticles partially coated by carbon shells. (b) TEM image of an
SWNT grown out of a Co particle. Reproduced with permission from ref 197. Copyright 2016 Springer Nature. (c) TEM image of an SWNT
grown on a Fe catalyst using CO as the carbon source. (d) TEM image of intramolecular junction formed by changing carbon feedstocks
periodically. Reproduced with permission from ref 85. Copyright 2018 Royal Society of Chemistry. (e) TEM image of an SWNT grown on a TiC
(200) plane perpendicularly. (f) AFM image of horizontal SWNTs grown from TiC particles on a quartz substrate. Reproduced with permission
from ref 93. Copyright 2020 John Wiley and Sons.

CoO nanoparticles prepared from reducing a K3[Co(CN)6]
precursor were protected by a layer of polymer. After mild
plasma and H2 reducing treatments, Co nanoparticles coated
with an incomplete graphitic layer were obtained (Figure 29a).
The partially coated Co particles have diameters in the range
of 2.5−4.5 nm, which catalyzed the growth of SWNTs at 700
°C using ethanol as the carbon precursor. Figure 29b shows a
TEM image of a synthesized SWNT, following a perpendicular
mode. Statistics on SWNT diameters revealed a range of 1.6−
1.9 nm, which is much smaller than the Co particle size. Such
acorn-like partially carbon-coated Co nanoparticles not only
inhibit the possible particle coalescence but also ensure the
perpendicular growth of SWNTs.
Besides engineering catalyst particles, it is also practical to
tune the SWNT nucleation mode by regulating the carbon
source. In 2018, He et al. demonstrated that CO favors the
nucleation of SWNTs by perpendicular mode, while CH4
promotes the growth of SWNTs by tangential mode at 800
°C on Fe nanoparticles.85 Figure 29c shows a typical TEM
image of an SWNT grown perpendicularly on a Fe particle,
where the SWNT diameter is much smaller than the Fe
particle size. It was demonstrated that the wetting properties of
the metal particle with diﬀerent carbon concentrations play key
roles in determining the SWNT nucleation mode. Compared
with CH4, ambient pressure CO creates a much higher
carburizing potential, resulting in Fe nanoparticles with a high
carburization degree. These Fe particles possessing a high
carbon concentration tend to dewet the SWNT inner surface,
thus nucleating SWNTs by a thermodynamically favored
perpendicular conﬁguration. To verify further the regulation of
the SWNT growth mode by varying the carbon feedstocks,
switching the carbon feedstocks periodically during the CVD
process was performed. Figure 29d presents a TEM image of a
formed SWNT intramolecular junction. The thin and thick
segments are correlated with the growth of SWNTs by CO
(perpendicular mode) and CH4 (tangential mode), respectively. Furthermore, the diameter change is irreversible, which

grown on the Fe nanoparticles annealed after 1 h in the
ultrahigh vacuum, and well-aligned SWNTs were synthesized
on the clean, smooth sapphire surface. Figure 28e shows the
SWNT diameter distribution evaluated by Raman spectroscopy with three excitation lasers (633, 514.5, and 488 nm).
Compared with SWNTs grown on an unannealed catalyst, the
SWNTs have a much narrower diameter distribution, and 76%
of the SWNTs have diameters in the range of 1.3−1.4 nm.
However, it is noted that annealing the Fe catalyst for a longer
period led to particles with a broad diameter distribution
(Figure 28c) and synthesized SWNTs with a deteriorated
alignment, which is caused by the damaged sapphire surface
due to prolonged annealing. This type of size engineering of
metal nanoparticles was also achieved utilizing heat treatment
at 900 °C under an Ar atmosphere on a quartz substrate for the
diameter-speciﬁc growth of horizontal SWNTs. 196 To
guarantee a high degree of SWNT alignment, ferritin catalysts
with a low concentration were spin-coated onto an ST-cut
quartz substrate. After annealing at 900 °C for 60 min, the
mean Fe particle diameter decreased from 1.2 to 0.8 nm and
the diameter distribution became narrower. Figure 28f depicts
an SEM image of the horizontal SWNTs grown on the Fe
catalysts that were annealed for 60 min. The diameter
distributions of the catalytic particles and SWNTs are shown
in Figure 28g. It is evident that the SWNT diameters are
centered at 0.84 ± 0.18 nm with a very narrow distribution.
These works demonstrate that thermal annealing is a feasible
approach for obtaining uniform catalysts for growing
horizontally aligned SWNTs, which could be applied in the
chirality-controlled synthesis of SWNTs.
2.5.2. Diameter Controlled Synthesis by Regulating
SWNT Nucleation Mode. In most CVD experiments, both
tangential and perpendicular modes coexisted for nucleated
SWNTs,83,84 challenging the ﬁne control of the SWNT
diameter. In 2016, Zhang et al. proposed growing SWNTs
on Co particles partially coated by a carbon layer, ensuring a
subsequent SWNT nucleation by perpendicular mode.197 The
AF
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Figure 30. Selective removal of SWNTs. (a) Schematic of SWNT separation using P- and A-scotch tapes. (b) SEM image of SWNTs in diﬀerent
regions. (c) RBMs of as-grown SWNTs. (d) RBMs of SWNTs in the A-scotch tape treated region. Reproduced with permission from ref 199.
Copyright 2011 John Wiley and Sons. (e) Schematic illustration of washing oﬀ metallic SWNTs using SDS solution. (f) SEM image of as-grown
SWNTs on a quartz surface. (g) SEM image of the same region after SDS washing. (h) RBMs of as-grown SWNTs. (i) RBMs of residual SWNTs
after SDS washing. Reproduced with permission from ref 200. Copyright 2013 John Wiley and Sons.

the experiments performed, two kinds of polydimethylsiloxane
thin ﬁlm-supported tapes were prepared, one terminated with
3-aminopropyl-triethoxysilane (A-scotch tape) and one terminated with triethoxyphenylsilane (P-scotch tape). The A- and
P-scotch tape can selectively remove semiconducting or
metallic SWNTs from the substrate, leaving their counterparts
on the sapphire (Figure 30a). An SEM image of SWNTs
treated by A-scotch tape is presented in Figure 30b, which
consists of three regions, the as-grown, boundary, and treated
regions. It is evident that the SWNT density in the treated
region is lower than that of the as-grown SWNTs, but the
residual SWNTs preserved their original alignment. Figure
30c,d compares the Raman spectra taken from diﬀerent
regions. Radial breathing modes (RBMs) corresponding to
both metallic and semiconducting species were observed for
as-grown SWNTs, while in the region treated by A-scotch tape,
mainly RBMs correlated with metallic SWNTs were detected,
suggesting the selective removal of semiconducting SWNTs.
Electrical measurements also conﬁrmed that the treated
SWNTs on the substrate contained approximately 90%
metallic SWNTs. Similarly, P-scotch tape selectively removed
metallic SWNTs, leaving semiconducting SWNTs with a purity
of 85% on the substrate. During the dry SWNT separation
process, no damage is caused to the SWNT structures or their
alignment. Therefore, the “scotch tape” method represents a
gentle approach for separating SWNTs, which could be useful
for separating long SWNTs over large areas.
In the scotch tape process, the diﬀerent interactions between
the functional groups and diﬀerent SWNTs are responsible for
their selective “peeling oﬀ”. The separation process can be
simpliﬁed by “washing oﬀ” unwanted SWNTs using solutions
containing molecules which have strong interactions with the
SWNTs. Figure 30e illustrates the procedure applied to
selectively remove metallic SWNTs using sodium dodecyl
sulfate (SDS).200 The starting sample is composed of both
metallic and semiconducting SWNTs grown on an ST-cut
quartz substrate. The sample was subsequently immersed into

illustrates the degree of control over the SWNT nucleation
mode that can be achieved.85 Besides CO, other oxygencontaining carbon sources, such as ethanol also facilitate
SWNT nucleation by perpendicular mode, possibly because
the decomposition of ethanol can generate CO.198 Synthesis of
SWNTs by perpendicular mode somewhat alleviates the
constrains on precisely controlling catalyst sizes for diameterspeciﬁc growth of SWNTs. Qian et al. recently demonstrated
the growth of horizontal SWNT arrays on TiC nanoparticles
by perpendicular mode.93 Figure 29e depicts a TEM image of
the SWNT nucleated perpendicularly on a TiC particle.
Although the TiC catalyst particles have a wide diameter
distribution, the diameters of the synthesized SWNTs are
narrowly distributed. Figure 29f shows an AFM image of
SWNTs grown on an ST-cut quartz substrate at 830 °C using
ethanol as the carbon source. All the SWNTs demonstrate
diameters of approximately 1.65 nm. Further considering the
SWNT growth kinetics and the symmetry match between the
TiC (200) plane and the nucleated SWNTs, (16, 8) SWNTs
with a purity of 74% were readily obtained.93 This work paves
the way for chirality speciﬁc SWNT growth by controlling the
SWNT diameters through growth mode regulation.
2.6. Electronic Property Control in the Synthesis of
Horizontally Aligned SWNT Arrays

Achieving HASAs with deﬁned conductivities, i.e., metallic or
semiconducting, is a prerequisite for their cutting-edge
applications in nanoelectronics. To attain this goal while
maintaining a pristine SWNT structure, two strategies are
proposed. One is to perform the postgrowth separation on
surface grown SWNT arrays; the other is selectively growing
SWNT arrays with controlled electronic natures.
2.6.1. Postgrowth Separation by Molecular Interactions. Grounded on the investigations on selective
interactions between chemical species and SWNTs with
diﬀerent conductivities, Hong et al. created “scotch tapes” to
selectively remove semiconducting or metallic SWNTs from
the sapphire substrate by simply pressing and peeling oﬀ.199 In
AG
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Figure 31. Selective destruction of metallic SWNTs. (a and b) Schematic illustration of electrical breakdown of metallic SWNTs in air (c and d)
Illustrations of organic ﬁlm assisted metallic SWNT breakdown. (e) SEM images of an SWNT array before and after electrical breakdown.
Reproduced with permission from ref 205. Copyright 2014 Royal Society of Chemistry. (f) Evolutions of SWNTs with diﬀerent diameters and
conductivities. (g) IR transmittance spectra of an SWNT ﬁlm after CH4 plasma treatment and annealing, respectively. (h) Schematic of a
functionalized SWNT after plasma treatment. Reproduced with permission from ref 204. Copyright 2006 American Association for the
Advancement of Science.

voltage and the drain current, much longer SWNT length
removal was accomplished than that achieved in air (Figure
31e). This is because the exothermic oxidation of the organic
ﬁlm propagates SWNT oxidation, promoting long-length
metallic SWNT removal.
The electrical breakdown requires a high-power operation,
which might cause problems such as an avalanche eﬀect206 and
failure in gate dielectrics,207 preventing its generalized use in
device fabrication. Alternatively, a gas reaction of metallic
SWNTs was applied to achieve high-purity semiconducting
SWNTs.204 Experimentally, exposure to CH4 plasma at 400 °C
followed by 600 °C annealing in a vacuum increases the
percentage of depletable devices made from SWNTs from
∼55% to ∼93%, which reﬂects the selective removal of metallic
SWNTs. Figure 31f illustrates the treatment process and its
eﬀect on metallic and semiconducting SWNTs with diﬀerent
diameters. After the 400 °C, CH4 plasma treatment step,208
covalent C−Hx groups were generated at the SWNT sidewalls
or ends (Figure 31g,h). The absorption peaks in IR spectrum
at 2850, 2920, and 2960 cm−1 were assigned to C−H2, C−H,
or C−H2, and C−H3, respectively.209 These C−Hx species
vanished after 600 °C vacuum annealing, suggesting the
elimination of functional groups through demethylation and
dehydrogenation. During the SWNT hydrocarbonation
process, SWNT diameter is an important factor that governs
the chemical activity. SWNTs with smaller diameters are
preferentially etched because of their larger curvature radius
and higher strain in the C−C bonding conﬁguration. For those
with medium diameters, metallic SWNTs are selectively etched
over semiconducting SWNTs because metallic SWNTs have
more abundant delocalized electronic state and a higher
chemical activity. In the large-diameter range, both metallic
and semiconducting SWNTs survive after CH4 plasma etching,
which is correlated with their reduced chemical reactivity.
Consequently, by starting the process with SWNT diameters in
the range of 1.0−1.8 nm, a 100% yield of semiconductor arrays
was obtained using the plasma treatment approach.204
In addition to CH4 plasma treatment, light illumination can
also selectively destruct metallic SWNTs through oxidation
etching.210 In 2008, Zhang et al. reported the elimination of
metallic SWNTs from SWNT arrays using long-arc xenon
lamp irradiation.211 However, similar to gas phase etching, this

an SDS aqueous solution where metallic SWNTs were
preferentially absorbed by SDS molecules. With the assistance
of sonication, the metallic SWNTs were selectively removed
and mainly leaving the semiconducting ones on the surface.
Figure 30f,g shows SEM images of SWNTs in the same region
before and after SDS washing. Approximately one-third of the
SWNTs were washed oﬀ, which is roughly the concentration of
the metallic SWNTs in the sample.200 Raman characterizations
indicated that more than 90% of the residual SWNTs were
semiconducting (Figure 30h,i), and they were able to maintain
their long length and high quality on the substrate, which is
beneﬁcial for future applications. Theoretically, it is possible to
obtain metallic SWNT arrays by choosing suitable surfactants
to “wash oﬀ” semiconducting SWNTs. However, further
improvement of the purity of the SWNTs is diﬃcult utilizing
these separation techniques.
2.6.2. Selective Destruction of Metallic SWNTs.
Metallic and semiconducting SWNTs have diﬀerent chemical
activities with certain chemicals; therefore, they can be
selectively destructed by carefully designed experiments,
including electrical breakdown,201 nitronium ion attack,202,203
and gas-phase etching.204 Because of their electronic structures,
metallic SWNTs are slightly more reactive and preferentially
destructed in most experiments, leaving mainly semiconducting SWNTs. In 2001, Collins et al. ﬁrst demonstrated the
selective oxidation of metallic SWNTs induced by a current.201
The operation was directly based on the relevant distinguishing
characteristics in the charge transport. The oxidation was
initiated by the high current densities that can be carried by
metallic SWNTs, leading to their electrical breakdown,
whereas the semiconducting SWNTs were protected by
depleting the charge carriers through an electrostatically
coupled gate electrode. However, during the oxidation process,
only the hottest short part with a length of ∼100 nm can be
removed and most parts of the metallic SWNTs remain on the
surface,205 as schematically illustrated in Figure 31a,b. To
selectively remove the full length of the metallic SWNTs and
create pure semiconducting SWNT arrays, Otsuka et al.
proposed an organic ﬁlm-assisted electrical breakdown
technique (Figure 31c,d).205 After electrode fabrication,
SiO2−Si supported SWNT arrays were coated with ∼50 nmthick organic ﬁlms like molecular glass. By regulating the gate
AH
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Figure 32. Process for exploiting thermocapillary eﬀects in the puriﬁcation of SWNT array. (a and b) Schematic illustration and corresponding
AFM images, respectively of the diﬀerent steps applied to remove metallic SWNTs. Reproduced with permission from ref 212. Copyright 2013
Springer Nature. (c) Schematic illustration and (d) AFM and SEM images at each step of the microwave-based puriﬁcation of aligned SWNTs.
Reproduced with permission from ref 213. Copyright 2014 Springer Nature.

including the need for multiple deposition and etching steps
and the requirement of physical contact with the electrodes.
To counteract these disadvantages, Xie et al. adopted
microwave irradiation to eliminate metallic SWNTS selectively.213 Figure 32c,d shows the schematic illustrations and
corresponding images for each step of the puriﬁcation process.
HASAs were grown from patterned catalyst strips on a quartz
substrate. After patterning collections of microstrip dipole
antennas that was capable of amplifying the microwave ﬁeld on
the SWNTs, a thin ﬁlm of thermocapillary resist was deposited
onto the SWNT surfaces. Upon microwave irradiation, the
antennas can eﬃciently transfer incident power into current
ﬂows in metallic SWNTs and the slight heating would drive
thermocapillary ﬂows, generating open trenches with exposed
metallic SWNTs. Reactive ion etching was ultimately applied
to remove the exposed SWNTs. Selective heating in metallic
SWNTs is crucial for successful puriﬁcation. Under microwave
irradiation, the enhanced electrical ﬁeld near the gap between
the antenna arms initiates movements of the free carriers in
metallic SWNTs, which leads to Joule heating. Joule heating,
however, does not occur in semiconducting SWNTs, because
the Schottky barriers that are formed at their contacts with the
antenna metal block or decrease the ﬂow of current. After
microwave irradiation, fully developed trenches occupied
∼36% of the SWNTs in the array, which is close to the
theoretical population of metallic SWNTs (∼33%). Transistors
fabricated from the puriﬁed SWNTs also suggested the
eﬃcient removal of metallic SWNTs and a semiconducting
SWNT yield of at least 99.9925%.213 These destructive
methods provide straightforward, scalable, and eﬀective way
to produced pure semiconducting SWNT arrays with minimal
processing. However, the density of SWNTs is limited by the
trench widths of 100−200 nm, enabling arrays with density of
only ∼5 tubes/μm. Consequently, these methods cannot be
scaled to systems containing highly dense SWNTs. In addition,

method also indiscriminately destructed semiconducting
SWNTs with relatively small diameters. To avoid measurable
adverse eﬀects on the semiconducting SWNTs, Jin et al.
combined nanoscale thermocapillary ﬂows and etching to
create pure semiconducting SWNT arrays.212 Figure 32a
illustrates various stages of the process used to completely
remove metallic SWNTs from the HASAs. In this process,
metal and dielectric layers were ﬁrst patterned on horizontal
SWNTs to fabricate removable transistor structures. Thermal
evaporation was subsequently applied to deposit an ultrathin
(∼25 nm) amorphous layer of thermocapillary resist. Owing to
the unipolar p-type behavior of semiconducting SWNTs,
selective Joule heating occurred only in the metallic SWNTs
when applying a positive voltage to the gate and a negative
voltage to the drain. Therefore, there was a small temperature
increase near the metallic SWNTs, driving mass transport in
the thermocapillary resist and producing trenches centered on
the metallic SWNTs. Later, reactive ion etching was applied to
eliminate only the exposed metallic SWNTs. Finally, puriﬁed
semiconducting SWNT arrays were left on the surface after
removing the metal−dielectric structures and the residual
thermocapillary resist (Figure 32b). The key element in the
puriﬁcation process is the ultrathin ﬁlm of thermocapillary
resist, which not only facilitates the formation of a uniform,
continuous coating on the surfaces of the substrate and
SWNTs but also acts as an eﬀective etch resist. Electrical
characterizations of the puriﬁed SWNTs led to the conclusion
that metallic SWNTs were completely removed while
preserving all the semiconducting SWNTs. The main
advantage of this process is that the processing steps are
fully compatible with digital electronics fabrication tools.
Consequently, the resulting semiconducting SWNTs are
readily integrated into nearly any type of circuit layout.212
However, this process suﬀers some practical drawbacks,
AI
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Figure 33. Selective growth of semiconducting SWNTs by UV-assisted CVD. (a) Schematic illustration of the CVD setup. (b−d) SEM images of
SWNTs grown without UV irradiation or with diﬀerent UV irradiation parameters. (e) RBMs of SWNTs grown without UV-irradiation. (f) RBMs
of SWNTs grown with UV irradiation. Reproduced with permission from ref 215. Copyright 2009 American Chemical Society.

Figure 34. Selective synthesis of semiconducting SWNTs. (a and b) SEM images of horizontally aligned SWNTs grown on an ST-cut quartz
substrate. (c) AFM image of the well aligned SWNTs. (d) Diameter distribution of the SWNTs. (e and f) Raman spectra of SWNTs acquired with
two diﬀerent excitation laser wavelengths. Reproduced with permission from ref 216. Copyright 2009 American Chemical Society. (g)
Experimental ﬂow diagram for the improved multicycle growth method. SEM images of SWNTs grown by (h) one growth cycle and (i) ﬁve growth
cycles. Reproduced with permission from ref 220. Copyright 2014 American Chemical Society.

were directly synthesized by UV-assisted CVD,215 the sketch of
which is presented in Figure 33a. Figure 33b shows an SEM
image of SWNTs grown by CH4 CVD using CuCl2 as the
catalyst precursor, and high density SWNTs were observed on
the quartz substrate. Introducing UV irradiation through a hole
on top of the furnace during CVD decreased SWNT density,
and a long UV irradiation time or a strong UV density killed all
the SWNTs on surface (Figure 33c,d). Raman characterizations (Figure 33e,f) compared the SWNTs grown without
and with UV irradiation. RBMs corresponding to metallic and
semiconducting species were observed in Raman spectra

the postgrowth treatment inevitably damages or contaminate
the residual SWNTs during the puriﬁcation process.
2.6.3. Preferential Synthesis of Metallic or Semiconducting SWNTs. Previously published research described
the postgrowth destruction of metallic SWNTs utilizing
techniques such as CH4 plasma treatment204 and xenon-lamp
irradiation,211 which can also be applied during the in situ
growth process. As demonstrated by Li et al.,214 a plasma
enhanced CVD led to a preferential synthesis of approximately
90% semiconducting SWNTs randomly oriented on a
substrate. Horizontally aligned semiconducting SWNT arrays
AJ
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Figure 35. Growth of semiconducting SWNTs arrays from diﬀerent catalysts. (a) Schematic illustration of semiconducting SWNT growth from a
bimetallic CuRu catalyst. (b) SEM image of SWNTs grown on a CuRu (3:1) catalyst. (c) Diameter distribution of SWNTs determined from AFM
images. (d) RBMs of SWNTs grown on a CuRu catalyst. Reproduced with permission from ref 198. Copyright 2015 American Chemical Society.
(e) Selective growth of semiconducting SWNTs from a CeO2 supported Fe catalyst. Reproduced with permission from ref 223. Copyright 2014
American Chemical Society. (f) Schematic illustration of enriched semiconducting SWNT growth from oxygen-deﬁcient TiO2 nanoparticles. (g
and h) SEM images and (i) AFM image of SWNTs grown on a quartz substrate. (j) Diameter distribution of SWNTs grown from TiO2 catalyst.
Reproduced with permission from ref 50. Copyright 2015 American Chemical Society.

can grow up to 4-in. on a whole wafer substrate. Based on the
mass spectrometry results, a suitable H2O concentration in the
atmosphere was suggested to suppress the nucleation of
metallic SWNT caps and be responsible for the predominant
semiconducting SWNT growth.217 Li et al. investigated the
etching of metallic SWNTs using H2O vapor treatment.218 In
their work, introducing H2O at a reaction temperature higher
than 800 °C during the growth process etched away both
semiconducting and metallic SWNTs with small diameters.
However, selective etching of metallic SWNTs was possible by
introducing an appropriate amount of H2O vapor after the
SWNT growth process. Typically, H2O treatment with a
concentration of 2000−6000 ppm in the temperature range of
700−750 °C for 20−30 min was suﬃcient to eliminate most
metallic SWNTs while maintaining the perfect structure of
semiconducting SWNTs. Later, Zhou et al. optimized the
added H2O vapor concentration and realized the growth of
enriched semiconducting SWNTs by in situ etching.219 They
also summarized three necessary rules for selectively growing
semiconducting SWNTs. First, a suitable H2O concentration is
required to ensure proper etching rates of metallic and
semiconducting SWNTs. Second, if the H2O concentration is
too high, it will inhibit SWNT growth. Third, a low carbonfeeding rate is necessary to minimize the growth rate of
metallic SWNTs so that it is smaller than the etching rate.219
Although the purity of semiconducting SWNTs grown under
optimal conductions can be greater than 97%, the etching
process inevitably decreases the SWNT density.
To decouple the conﬂict between density and selectivity, Li
et al. designed an improved multicycle growth method.220
Figure 34g illustrates the experimental ﬂow diagram for the
process. After the ﬁrst growth cycle, only the H2O bubbler

acquired from SWNTs grown without introducing UV. RBMs
correlated with semiconducting species were mainly detected
for SWNTs grown under UV irradiation. Utilizing electrical
measurements, conﬁrmation that more than 95% of the
SWNTs grown with UV irradiation were semiconducting was
obtained.215 A free radical reaction, where metallic SWNT cap
are easily destroyed in the beginning of SWNT growth, is
assumed responsible for the selective synthesis of semiconducting SWNTs.
Metallic SWNT etching can also be achieved by regulating
the growth atmospheres during the CVD process. For example,
Ding et al. reported the growth of horizontally aligned
semiconducting SWNTs from Cu nanoparticles using an
ethanol−methanol mixture as the carbon source.216 Figure
34a−c shows SEM and AFM images of the produced SWNTs
on an ST-cut quartz surface, and perfectly aligned SWNTs with
a narrow diameter distribution from 1.4 to 1.8 nm were
obtained (Figure 34d). Raman spectra acquired with laser
wavelengths of 633 nm (Figure 34e) and 488 nm (Figure 34f)
exhibited RBMs in the frequency range between 143 and 158
cm−1, corresponding to semiconducting SWNTs with diameters ranging from 1.55 to 1.78 nm. Electrical characterizations
estimated semiconducting SWNTs occupied 95−98% in the
samples. Two factors are crucial in the selective growth of
semiconducting SWNTs. One is the OH radicals generated
from methanol decomposition, which can selectively etch
metallic SWNTs. The second is a strong SWNT−substrate
interaction, which can be increased further by the introduction
of methanol during growth.
Similarly, selective synthesis of semiconducting SWNTs with
purity greater than 90% was achieved using isopropyl alcohol
as the carbon feedstock.217 This type of aligned SWNT array
AK
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Figure 36. Twisting SWNT chirality from metallic to semiconducting. (a) Schematic illustration of the electro-renucleation system and (b) twisting
SWNT chirality by reversing the electric ﬁeld. (c) Renucleation barrier change as a function of time after electric ﬁled reversal. (d) The
renucleation barriers for diﬀerent junctions at time t0 and t1.; (e) Calculated electrostatic energy change versus SWNT diameter before twisting. (f)
SEM image of SWNTs with chirality change from metallic (bright lines) to semiconducting (dark lines). Reproduced with permission from ref 224.
Copyright 2018 Springer Nature.

grown on monometallic Cu or Ru, and the purity of the
semiconducting SWNTs synthesized on CuRu nanoparticles
with an atomic ratio of 3:1 was 91% (Figure 35d), which was
much higher than that of SWNTs grown on Cu (78%) or Ru
(80%). The preferential synthesis of semiconducting SWNTs
was explained by the synergism eﬀect of Cu and Ru, which
decompose ethanol in diﬀerent ways.221,222 In the presence of
a Cu catalyst, a reforming reaction occurs, generating Cads and
CO through C−C bond breakage in ethanol molecules. In the
presence of a Ru catalyst, a deoxygenation reaction takes place,
resulting in the production of Oads and C2H4 by breaking C−O
bonds. During SWNT growth on CuRu nanoparticles, Cads
provided by Cu serves as the carbon source for the SWNT
growth, and the generated Oads creates an oxidation environment for destructing the metallic SWNT caps. It is noted that
although Oads can be generated on a monometallic Ru catalyst,
the simultaneously produced C2H4 would provide extra
carbon, thus weakening the oxidation environment and
decreasing the selectivity of semiconducting SWNTs. The
synergistic eﬀects also existed with other bimetallic catalysts,
such as Au−Ru, Au−Pd, and Cu−Pd, leading to the preferred
growth of semiconducting SWNTs with a concentration of
∼93%. This work highlights the importance of selective
scission of C−O and C−C bonds in ethanol, which provides a
method of controlling the growth of semiconducting SWNTs.
Besides the generation of oxygen from carbon source
decomposition or H2O addition during CVD, it is straightforward to develop catalyst storing active oxygen to inhibit the
formation of metallic SWNTs. Qin et al. ﬁrst reported the
growth of an ultralong semiconducting SWNT array using a
CeO2 supported Fe or Co catalyst.223 CeO2 was chosen as the
catalyst support because it has a high oxygen storage capacity,
thus can provide a steady oxidative environment for
eliminating metallic SWNTs. Owing to the close contact of
the active catalyst and CeO2, semiconducting SWNTs with an
average percentage of 98% were readily obtained (Figure 35e).
The high selectivity was attributed to the released oxygen from

remained on and Ar gas was introduced to maintain stable
pressure in the furnace chamber. After a 3 min etching process,
a second SWNT growth was performed. The process was
repeated multiple times to achieve high-density semiconducting SWNTs. Figure 34h,i shows SEM images of aligned
SWNTs grown in one and ﬁve growth cycles, respectively. It is
evident that the SWNT density increased from 1 to 2 tubes/
μm to approximately 10 tubes/μm. Raman characterizations
using laser wavelengths of 633 and 785 nm of the ﬁve-growth
cycle sample revealed that a large proportion of semiconducting SWNTs were produced. In this work, the roles
of H2O vapor are divided into two parts. The ﬁrst part is to act
as an etching agent to remove the randomly distributed
SWNTs, thus promoting the synthesis of aligned SWNTs in
the next CVD run. The second is to facilitate the preferential
synthesis of semiconducting SWNTs when being introduced
during the CVD process.220 This work sidesteps the trade-oﬀ
between SWNT density and selectivity, paving the way for
achieving pure semiconducting SWNTs with a relatively high
density.
The selective synthesis of semiconducting SWNTs is
primarily achieved by an interplay between the atmosphere
and the catalyst. In most previous studies, monometallic Cu
nanoparticles were chosen as the catalyst,215,216 which is
critical for preferential growth. Using bimetallic CuRu
catalysts, Zhang et al. achieved predominant synthesis of
semiconducting SWNTs solely using ethanol as the carbon
source.198 Figure 35a presents a schematic of the bimetallic
catalyst design for growing HASAs. The bimetallic nanoparticles were prepared by reducing precursors of a mixed
solution dispersed onto a quartz substrate, and the SWNT
growth was carried out using conventional ethanol CVD.
Figure 35b shows the SEM image of an as grown SWNT array.
Perfectly aligned SWNTs with a density of ∼5 tubes/μm were
obtained, and AFM characterizations revealed the diameters of
SWNTs had a narrow distribution of 1.3 ± 0.3 nm (Figure
35c). This diameter distribution was narrower than those
AL
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Figure 37. Rate-selected growth of semiconducting carbon nanotubes. (a) Statistic of metallic and semiconducting carbon nanotubes at the same
length. (b) Growth rate of metallic and semiconducting carbon nanotubes. (c) Vapor-condensation-assisted optical microscopy and SEM images of
nanotubes synthesized on SiO2−Si wafers. (d) Schematic illustration of growing ultrapure semiconducting carbon nanotubes based on TOF
diﬀerences between metallic and semiconducting carbon nanotubes. Reproduced with permission from ref 228. Copyright 2019 Springer Nature.

CH3− and CH2− carbanions226 are higher than that of the Fe
nanoparticles;227 therefore, the electrons will transfer to the Fe
catalyst and accumulate in the SWNTs. The electron
accumulation in the growing SWNTs implies a possibility of
controlling SWNT chirality by an electro-renucleation
approach. Figure 36a illustrates the system for electrorenucleation on an ST-cut quartz crystal with Fe catalyst
strips placed between a pair of graphite electrodes. The lattice
guided SWNT growth direction was parallel to that of the
electric ﬁeld. The key steps in the renucleation process are
shown in Figure 36b. CH4 CVD at 950 °C was ﬁrst performed
to synthesize SWNTs randomly nucleated on Fe catalysts. An
electric ﬁeld was subsequently exerted to charge the Fe
particles positively. Owing to the presence of a bandgap in the
semiconducting SWNTs, they remained close to neutral
charge. In contrast, most metallic SWNTs were positively
charged. By reversing the polarity of the electric ﬁeld at time t0,
the catalyst particles were negatively charged. Such an electric
ﬁeld reversal agitated the catalyst particle, facilitating the
SWNT renucleation and the formation of chiral junction
(Figure 36b), which competes with the extra energy
connecting the two diﬀerent chiralities. The SWNT
renucleation barrier can be lowered by increasing the amount
of charge stored in the catalyst region, which is determined by
the applied electric ﬁeld and the local density of states of
SWNTs. For diﬀerent types of chiral junctions, such as
metallic−metallic (m → m), metallic−semiconducting (m →
s), and semiconducting−semiconducting (s → s), the timedependent charge is diﬀerent because of their diﬀerent local
density of states. Figure 36c plots the time dependent
renucleation barrier for the three types of junctions, the net
charge of which should be the average of those for the two
connected chiralities. Clearly, the renucleation barrier is too
large to change chirality prior to t0. By time t1, the renucleation

the CeO2 support during CVD growth. For comparison, the
percentage of semiconducting SWNTs grown on a SiO2
supported Fe catalyst was only 65%. In the process, the tight
contact between the active catalyst and CeO2 is necessary to
destroy metallic SWNTs by oxidation. A much closer contact
between nucleating SWNTs and released oxygen was achieved
by catalyzing SWNT growth using oxygen deﬁcient TiO2
nanoparticles (Figure 35f).50 Experimentally, TiO2 nanoparticles with an average diameter of 1.46 nm were prepared
through precursor calcination on an ST-cut quartz substrate.
After ethanol CVD growth performed at 830 °C, large area,
uniform SWNT arrays were generated on the quartz surface
with a density of 10 tubes/μm (Figure 35g,h). Figure 35i
presents an AFM image of the well aligned SWNTs with a
measured average diameter of 1.19 nm (Figure 35j), which was
slightly smaller than the catalyst size, indicating the SWNT
growth followed a perpendicular mode. Based on Raman and
electrical characterizations, the percentage of semiconducting
SWNTs was estimated to be above 95%. The high selectivity to
semiconducting SWNTs was attributed to the lower formation
energy of semiconducting SWNTs on TiO2 nanoparticles. In
addition, a suitable concentration of oxygen vacancies in TiO2
promoted the growth of close-packed SWNTs with a high
density.50 This strategy was also applicable to other oxide
nanoparticles, oﬀering more choices for the electric structurecontrolled synthesis of SWNTs.
Generally, SWNT caps nucleated on a catalyst would yield
both metallic and semiconducting SWNTs. Besides generating
an oxidative environment to eliminate metallic SWNT caps, it
is also possible to change SWNT chirality from metallic to
semiconducting during the growth process by electrotwisting,
as described by Wang et al.224 Previously, they discovered that
SWNTs were all negatively charged after CH4 CVD synthesis
from Fe catalysts,225 because the electron energy levels in the
AM
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Figure 38. Electric ﬁeld assisted growth of a metallic SWNT array. (a) Schematic of the experimental setup. (b) SEM image of SWNTs grown
without an electric ﬁeld. (c and d) SEM images of SWNT arrays grown with diﬀerent electric ﬁeld strengths. (e) Schematic illustration of the eﬀect
of electric ﬁeld on SWNT growth. Reproduced with permission from ref 231. Copyright 2011 Elsevier Inc.

denotes the length where only half of the SWNTs survive
compared with those near the catalyst, statistics revealed the
L0.5 of semiconducting carbon nanotubes (74.4 mm) was
approximately 10 times longer than metallic carbon nanotubes
(7.16 mm). These results suggest that the decay rate of
metallic carbon nanotubes was an order of magnitude higher
than that of semiconducting carbon nanotubes (Figure 37a). It
is noteworthy that the transformation of metallic to semiconducting SWNTs is ruled out because the synthesized
nanotubes exhibit a uniform structure along their lengths. The
growth rates of both semiconducting and metallic carbon
nanotubes were deduced by plotting tube length as a function
of reaction time (Figure 37b). Semiconducting SWNTs
demonstrated a growth rate approximately 10 times faster
than the metallic SWNTs (∼80 and ∼7 μm/s, respectively),
which is in agreement with their decay rate ratio.228 Therefore,
in a natural growth process, almost all metallic carbon
nanotubes are expected to decay at a length of 154 mm
(Figure 37c), resulting in semiconducting nanotubes with a
target purity of 99.9999%. The purity was evaluated by
fabricating ∼100 prototypical parallel transistors on the aligned
nanotubes longer than 154 mm. On average, the fabricated
transistors exhibited an on/oﬀ ratio around 106 and an on-state
current of 16 μS, showing a signiﬁcant improvement in
semiconducting carbon nanotube purity.
The selective growth of ultralong semiconducting nanotubes
is interlocked with its high growth rate, which is determined by
the liquid catalyst particle. During the CVD process, the
electronic structure of the infant nanotube modiﬁes the catalyst
performance. As the growth rate of semiconducting carbon
nanotubes is much larger than their metallic counterparts,
catalysts attached to semiconducting nanotubes exhibit higher
reactivity than those adjacent to metallic nanotubes. Microscopically, the carbon nanotube growth rate can be redeﬁned
as turnover frequency (TOF, s−1), counting the number of C2
fed to the circumferential active site per second. TOFs
measured by the 12C/13C isotope switching method shows no
isotope dependence on nanotube growth.146 Instead, the
bandgap structure deﬁnes the adsorption energy in the
nanotube catalysis. The average TOF of semiconducting
nanotubes is determined to be ∼1.5 × 106 s−1, an order of
magnitude higher than that of metallic nanotubes (∼1.3 × 105
s−1). Although both the survival probability and TOF of the

barriers are signiﬁcantly lowered due to the charging of the
catalyst region. Consequently, selective chirality twist occurs if
the agitaion provided by the electric ﬁeld change overcomes
the lower renucleation barriers. Figure 36d illustrates the
evolution of the renucleation barrier between times t0 and t1.
Thermodynamically, at time t1, both metallic SWNTs and
semiconducting SWNTs tend to twist into semiconducting
SWNTs. Figure 36e presents the calculated electrostatic energy
change as a function of SWNT diameter. In the SWNT
diameter range of 1.2−1.5 nm, diﬀerences in the amount by
which the electrostatic energy decreases are most pronounced.
As a result, the SWNT chirality change of m → s and s → s is
readily achieved by the electro-renucleation process to obtain
high-purity semiconducting SWNTs.
Figure 36f shows the SEM image of SWNTs grown after the
electric ﬁeld reversal. The SWNTs on quartz changed from
metallic (bright) to semiconducting (dark) when the electric
ﬁeld was reversed. The percentage of SWNTs undergoing a
chirality change was positively correlated with the parallel
component amplitude of the perturbing electric ﬁeld. To
maximize the agitation and the purity of semiconducting
SWNTs, it is better to reverse the direction of the electric ﬁeld
with the largest possible strength, about 300 V/mm. The
selectivity was also veriﬁed by the on/oﬀ ratio of FETs
fabricated on the SWNT array produced. The exact purity of
the semiconducting SWNTs was determined to be higher than
99.6%,215 which represents a signiﬁcant leap forward in
improving the selectivity of semiconducting SWNTs. With
better control over the catalyst diameters, the ability to grow
semiconducting SWNTs with an abundance of 99.99% to meet
the requirement of semiconductor industry is anticipated.
During gas ﬂow directed growth of ultralong SWNTs with a
“kite” mechanism, their lengths can be described by the
Schulz−Flory distribution, i.e., the number of ultralong carbon
nanotubes decreases exponentially with increased carbon
nanotube length.39 Based on this principle, research performed
by Zhu et al. reported that metallic and semiconducting carbon
nanotubes followed the Schulz−Flory distribution with
diﬀerent decay rates of their quantities.228 Using Raman
spectroscopy to follow the lengths of nanotubes, the
researchers demonstrated the decay of the quantities of
metallic and defective nanotubes at an approximate length of
50 mm. By deﬁning the decay rate with half-length L0.5, which
AN
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Figure 39. Selective synthesis of SWNTs from Mo2C. (a) Schematic of horizontal SWNT growth from a monodisperse Mo2C catalyst. (b) SEM
image of SWNTs synthesized from 1.35 nm Mo2C. (c) Diameter distribution of SWNTs determined by AFM. Reproduced with permission from
ref 40. Copyright 2015 American Chemical Society. (d) AFM image of subnanometer SWNTs synthesized by hydrogen-free CVD. (e) Diameter
distribution of SWNTs. (f) RBMs of Raman spectra of SWNTs acquired with 633 nm excitation wavelength. (g) Chirality map of synthesized
subnanometer SWNTs. Reproduced with permission from ref 232. Copyright 2016 American Chemical Society.

nucleated tubes diﬀers from each other, their coordination
yields a deﬁned nanotube bandgap and chiral structure. Once
the carbon nanotube structure and bandgap are locked, C2 will
incorporate consecutively onto the nanotube rims at a unique
TOF. More importantly, the interlocking between the bandgap
and C2 additions protects the quasi topology of the nanotube
edge, therefore, templating the synthesis of atomically perfect
carbon nanotubes. Figure 37d shows a schematic of pure
semiconducting nanotube growth of TOF diﬀerences, enabling
a spontaneous puriﬁcation of semiconducting carbon nanotubes from their metallic counterparts. This rate-selected
strategy oﬀers another methodology to improve the purity of
semiconducting nanotubes.
Compared with the extensive investigations on selectively
synthesizing semiconducting SWNTs, reports on the preferential synthesis of metallic SWNTs are scarce.229,230 By varying
the noble gas ambient during catalyst annealing, Harutyunyan
et al. demonstrated a population of SWNTs with metallic
conductivity as high as 91% were synthesized on Fe catalysts
with regulated morphologies.229 In 2014, Hou et al. reported
the bulk synthesis of concentrated metallic SWNTs with
relatively large diameters by etching away small diameters
semiconducting SWNTs using H2.230 Despite the progress,
these strategies are only applicable with particular SWNT
growth systems and are not suitable for growing HASAs with
enriched metallic species. By electric ﬁeld-assisted CVD, Peng
et al. reported a rational approach to increase the
concentration of metallic SWNTs in gas ﬂow directed ultralong
SWNTs.231 Figure 38a illustrates a schematic of the
experimental setup. A SiO2−Si substrate with catalyst lines
was placed in a CVD system where the electric ﬁeld direction
was perpendicular to the substrate surface and the gas ﬂow
direction. The strength of the electric ﬁeld is critical to the
growth results. Well aligned, ultralong SWNTs were
synthesized on the substrate without applying an electric
ﬁeld (Figure 38b); however, with the introduction of an
electric ﬁeld, less SWNTs were generated (Figure 38c,d),
indicating the detrimental eﬀects on the SWNT growth.
Measurements on the SWNT electrical properties showed that
increasing the electric ﬁeld strength increased the percentage

of metallic SWNTs in the product. The portion of metallic
SWNTs increased from ∼47% in the absence of an electric
ﬁeld to 82% with an electric ﬁeld of 200 V/cm. The promoted
growth of metallic SWNTs originates from their larger
polarizability than semiconducting SWNTs.123,124 During the
gas ﬂow directed SWNT growth process, nucleated SWNTs
with catalysts should be lifted to initiate their ﬂoating in the
laminar ﬂow. The applied electric ﬁeld has little eﬀect on
nucleated semiconducting SWNTs with short lengths because
the electric ﬁeld cannot overcome the thermal energy.123
However, the perpendicular electric ﬁeld could help lift
additional metallic SWNTs and promote their growth (Figure
38e). It was noted that such a disturbance also induces
vibration of the growing SWNTs, causing the SWNTs to touch
the substrate, therefore terminating growth. This is why very
few ultralong SWNTs were observed when a high strength
electric ﬁeld was applied. Although the synthesized metallic
SWNTs are tortuous, this work represents progress toward the
preferential synthesis of metallic SWNT arrays.
2.7. Chirality-Speciﬁc Synthesis of Horizontally Aligned
SWNT Arrays

2.7.1. Chirality-Selective Growth of Horizontal
SWNTs on Solid Catalysts. As discussed in section 2.1
regarding the SWNT growth mechanisms, the catalyst plays
crucial roles in governing SWNT nucleation thermodynamics
and growth kinetics. With the aim to control SWNT chirality,
designing catalysts, especially those that can maintain their
solid state and template SWNT nucleation during the CVD
process, is highly desirable. In 2014, Yang et al. developed
W6Co7 alloy nanoparticles with a high melting temperature.76
Together with the modulation of catalyst pretreatment and
CVD growth parameters, chirality-speciﬁc growth of SWNTs,
including (12, 6), (16, 0) and (14, 4), was achieved with a high
abundance;76,90,91 however, the synthesized SWNTs were
generally on a SiO2−Si substrate and randomly distributed.
Zhang’s group working at Peking University has advanced the
research of chirality-selective synthesis of HASAs signiﬁcantly
by choosing suitable substrates and catalysts.40,51,232 Among
the diﬀerent catalysts, molybdenum-based nanoclusters possess
AO
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Figure 40. Two-step control of SWNT chirality. (a) Growth of SWNTs with selective chirality by thermodynamic and kinetic control. (b) SEM
image of SWNT arrays grown on Mo2C. (c) AFM image of SWNTs grown on Mo2C. (d) RBM modes in Raman spectra of produced SWNTs. (e)
Absorption spectrum of the SWNTs grown on Mo2C. Inset is the SWNT chirality map. (f) Diameter distribution of WO3 nanoparticles. (g)
Chirality map of SWNTs grown on a WC catalyst. Reproduced with permission from ref 51. Copyright 2017 Springer Nature.

assigned as SWNTs with chiralities of (8, 4), (7, 6), and (8, 5)
which, respectively, occupied 46.6%, 8.9%, and 17.5% of all the
SWNTs (Figure 39g). The selective growth of subnanometer
SWNTs using low feeding CVD for a short length of time was
attributed to the strong C−Mo bond, which maximized the
diﬀerences in the carburization rates of particles with diﬀerent
diameters. Similarly, W is also applicable for selectively
nucleating small diameter SWNTs because of the strong C−
W binding strength. This method oﬀers new insights into the
selective nucleation mechanism of SWNTs and provides a
strategy for chirality selective growth of SWNTs.232
The selectivity to a speciﬁc SWNT species by simply
controlling SWNT diameters is not very high. By further
controlling the symmetry of the metal carbide catalyst and
optimizing the growth parameters, horizontal arrays of SWNTs
with high chirality selectivity were grown on sapphire
substrates.51 Figure 40a depicts the mechanisms of the twostep control over SWNT chirality during ethanol CVD. On the
one hand, SWNTs with symmetry matching that of the catalyst
surface have low formation energies and are favored to
nucleate on the catalyst. On the other hand, SWNTs with the
most kinks at the SWNT−catalyst interface have the highest
growth rate, resulting in SWNTs with long lengths and high
enrichment. Consequently, (2n, n) SWNTs with a magic chiral
angle of 19.1° could have a high population if their symmetry
matches that of the underlying solid catalyst particle. The
procedure for preparing uniform Mo2C nanoparticles with a 6fold symmetry is described as follows: Mo-containing
precursors were ﬁrst dispersed on a sapphire substrate. Then
annealing the precursors at 1100 °C led to the formation of a
MoO3 monolayer owing to the generation of a Mo−O−Al
bond. Upon reduction, the MoO3 monolayer was aggregated
into uniform Mo nanoparticles, which were readily converted
into Mo2C, subsequently catalyzing the growth of SWNTs.
Figure 40b shows an SEM image of SWNT arrays grown on
Mo2C using ethanol as the carbon precursor. An average

a relatively high melting temperature and can maintain a solid
state for dictating SWNT nucleation. In the CVD atmosphere,
the Mo precursor is readily transformed into Mo2C, which is
one of the most stable molybdenum carbides and active for the
C−O cleavage of ethanol molecules, thus providing active
carbon for SWNT growth. By choosing an appropriate Mo
precursor and carburization progress, Mo2C nanoparticles with
uniform sizes (1.35 ± 0.2 nm) were produced,40 as
schematically illustrated in Figure 39a. After ethanol CVD
growth, horizontal SWNT arrays with a density of 0.2 tube/μm
were observed on a quartz substrate (Figure 39b). Based on
AFM characterizations, the average diameter of the SWNTs
was 1.20 nm with a standard deviation of 0.4 nm (Figure 39c),
which correlated with the diameter of the Mo2C catalyst. The
structure of the Mo2C was conﬁrmed by TEM and X-ray
diﬀraction characterizations, which templated the SWNT
growth on the (1 0 0) plane with speciﬁc structures. Owing
to the appearance of Oads catalyzed by Mo2C, metallic SWNT
growth was suppressed and primarily semiconducting SWNTs
assigned as (14, 4), (13, 6), and (10, 9) were synthesized.40
This work opens a new avenue for chirality selective synthesis
of horizontally aligned SWNTs on carbide nanoparticles. Later,
by adopting a “hydrogen-free CVD” and optimizing catalyst
preparation, horizontal arrays of subnanometer SWNTs with a
much narrower chirality distribution were achieved.232 By
feeding a low carbon source in a hydrogen free environment
for a short time, only small diameter Mo nanoparticles were
transformed into Mo2C, which catalyzed the growth of small
diameter SWNTs. Figure 39d shows an AFM image of SWNT
arrays on a quartz surface. Although the diameters of catalyst
particles had a wide diameter range from 0.4 to 3.0 nm, most
of the SWNTs were smaller than 1.0 nm, and they had a mean
diameter of 0.81 nm (Figure 39e). RBMs of Raman spectra
acquired from SWNTs demonstrated three distinct peaks, 283
and 264 cm−1 when excited with a 633 nm laser (Figure 39f)
and 260 cm−1 with 514 nm laser excitation. Such RBMs were
AP
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Figure 41. Selective growth of SWNTs on transition metals. (a) Schematic illustration of selective growth of SWNTs on a Co catalyst at 650 °C.
Raman spectra of SWNTs grown using (b) thermodynamic control and (c) kinetic control. Reproduced with permission from ref 233. Copyright
2019 John Wiley and Sons. (d) Schematic illustration of the tandem plate CVD. (e) SEM image of SWNTs on quartz substrate. (f) Chirality map
of SWNTs synthesized by tandem plate CVD. Reproduced with permission from ref 235. Copyright 2016 American Association for the
Advancement of Science.

(n, n) to (n, n − 1) possible.234 A more detailed explanation
will be discussed in the next section. Using an extremely low
ethanol carbon supply balanced with H2, thermodynamics
selectivity on chirality was realized for horizontally aligned
SWNTs. As demonstrated by Raman spectra (Figure 41b),
enriched (10, 9) SWNTs with a selectivity of 75% was
obtained. Meanwhile, it is also possible to selectively synthesize
(2n, n) SWNTs, which have the most kinks for carbon
incorporation, on the same Co catalyst by kinetics control.
Using 60 sccm CO as the carbon source, predominant
synthesis of (12, 6) SWNTs with an enrichment of 82% was
realized (Figure 41c). Besides the selective synthesis of
SWNTs with large chiral angles and the magic angle (19.1°),
SWNT arrays with near zigzag species were also synthesized
using a “tandem plate CVD” method (Figure 41d).235 As
predicted by theoretical calculations, near zigzag SWNTs are
thermodynamically stable on the catalyst surface. By
continually introducing a perturbation to the SWNT growth
process, the SWNT structure could be changed and their
chiralities redistributed, leading to the thermodynamically
preferred SWNTs. Experimentally, the Fe catalyst was ﬁrst
patterned on a quartz substrate and reduced by H2 treatment.
During ethanol CVD, temperature perturbation was introduced by changing the relative sample position in the furnace,
which led to a controllable temperature oscillation ranging
from 820 to 880 °C. Figure 41e shows an SEM image of the
horizontal SWNT arrays grown by repeating the perturbation
process 90 times in 9 min. Well aligned SWNTs with a density
of 2−3 tubes/μm were produced. Figure 41f presents the
chirality map of the SWNTs determined by Raman spectroscopy. The population of SWNTs with a chiral angle smaller
than 10° is 72%, among which, the dominant species is (15, 2)
SWNT. DFT calculations showed that SWNTs with a small
chiral angle had signiﬁcantly low interfacial formation energy,
accounting for the observed experimental phenomena. The
mechanisms for the tandem plate CVD can be described as
follows: as-nucleated SWNTs with diﬀerent chiral angles are
disturbed by temperature change, intratube transformation is
induced producing a smaller chiral angle structure with a small
angle diﬀerence (<5°) due to the low junction formation
energy. Utilizing a step-by-step model, periodic temperature
change transfers most SWNTs into near zigzag SWNTs. This
method provides a platform for securing the low SWNT−

density of more than 20 tubes/μm was detected. This high
SWNT density was consistent with the AFM characterization
results (Figure 40c). Additionally, the SWNTs had a very
narrow diameter distribution with a centered diameter of 1.21
nm. Raman characterizations using 633 nm laser excitation
mainly showed RBMs centered at ∼197 cm−1 (Figure 40d),
corresponding to the resonant (12, 6) SWNT. A purity of 90%
was estimated based on statistics from the RBM peaks and the
UV−vis-NIR absorption spectrum of SWNTs dispersed in an
SDS aqueous solution (Figure 40e). Similarly, when using the
WC (100) plane with a 4-fold symmetry as the template for
growing SWNTs, predominant synthesis of (8, 4) SWNTs can
be obtained.51 In this process, WO3 was adopted as the catalyst
precursor. The inset of Figure 40f shows an AFM image of the
WO3 particles, which exhibit an average diameter of 1.09 nm
(Figure 40f), which is slightly larger than the diameters of the
synthesized SWNTs (0.87 nm). Raman spectra mainly
demonstrated RBM peaks centered at approximately 287
cm−1, assigned as (8, 4) SWNTs. Further combined with the
absorption spectroscopy and nanobeam ED characterizations,
the percentage of (8, 4) SWNTs in the product was
determined to be about 80% (Figure 40g). These ﬁndings
demonstrate the enrichment of SWNTs with chiral angles of
19.1° via selective nucleation of SWNTs with symmetry
matching the catalyst surface. Further eﬀorts in improving
SWNT purity and extending to the selectivity to other types of
(2n, n) SWNTs are anticipated by optimizing the catalyst
selection and decreasing reaction temperatures. These highdensity SWNT arrays, especially those with (2n, n) semiconducting SWNTs with a high selectivity, can be easily
developed for applications in future nanoelectronics devices.
In addition to the development of a catalyst with a high
melting temperature, selective growth of HASAs can also be
achieved using conventional metal, such as Co or Fe, as the
catalyst. However, to utilize their template eﬀects during the
CVD process, a low reaction temperature is required to
preserve the solid state. For example, Zhang et al. reported a
rational approach to grow horizontally aligned SWNTs with
diﬀerent chiralities on Co catalysts at a temperature of 650
°C,233 as schematically illustrated in Figure 41a. On the
Co(111) facet, armchair SWNTs possess the most stable edge
structure because of the tight SWNT−catalyst contact.
However, the slow kinetics due to the lack of active kinks at
the SWNT−catalyst interface makes the chirality change from
AQ
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Figure 42. (n, n − 1) semiconducting SWNT growth. (a) Mechanism for (n, n − 1) and (n, n − 2) SWNT synthesis at near equilibrium
conditions. (b) The lengths of SWNTs grown with diﬀerent C/H ratios. (c) Chirality angle distributions of SWNTs synthesized at diﬀerent C/H
ratios. (d) Diameter distribution of Co particles. (e) Chirality map of SWNTs synthesized at a C/H ratio of 15/400. (f) TEM image showing the
nucleation of SWNT from a Co particle. (g) In situ TEM images of a Co nanoparticle heated at 850 °C. Reproduced with permission from ref 234.
Copyright 2019 Elsevier Inc.

diﬀerent from those of SWNTs grown at higher C/H ratios,
and the SWNT diameter/chirality distribution did not depend
on the diameter distribution of the catalyst particles (Figure
42d). Figure 42e shows the chirality map of the SWNTs
obtained with a C/H ratio of 15/400. The major species
contained (13, 12), (15, 14), (16, 15), and (18, 17), belonging
to the (n, n − 1) semiconducting family and occupying ∼88%
of all the detected SWNTs. The remaining SWNTs were
mainly (n, n − 2) SWNTs. The small portion of (n, n − 2)
SWNTs is due to the relatively large barrier of transition to (n,
n − 2) SWNTs. Figure 42f presents a TEM image of the
SWNTs nucleated on Co nanoparticles. The (111) surface
deﬁnitely provides a template for nucleating SWNTs by a
perpendicular mode,84,85 suggesting the SWNTs are nucleated
on the ﬂat surface of the solid Co particle. The structural
stability of the solid Co nanoparticles was further investigated
by in situ heating of the Co particles at 850 °C. The Co
particles preserved their solid state and demonstrated little
structural ﬂuctuation even after heat treatment for 10 min
(Figure 42g). The chirality distribution of the SWNTs can be
further narrowed by optimizing the catalyst preparation. Using
Co nanoparticles with diameters of 1.44 ± 0.28 nm and a low
C/H ratio (10/400), dominant synthesis of (10, 9) SWNTs
with a population of 82.7% was synthesized on a quartz
surface. By modifying the catalyst composition and surface
symmetry, it was possible to synthesize (13, 12) and (15, 14)
tubes with a near 3-fold symmetry when using a Mo2C catalyst.
Similarly, (16, 15) and (20, 19) SWNTs with near 4-fold
symmetry were synthesized on a WC catalyst. This approach
proposes the use of a low carbon supply for synthesizing (n, n
− 1) semiconducting SWNTs with diﬀerent diameters and
bandgaps, which provides a new method to achieve structural
control according to the SWNT family.
2.7.3. Chiral-Selective Growth of SWNT Arrays from
Carbon Seeds. During the catalytic CVD growth of SWNTs,
the variations in catalyst composition, size, crystalline
structure, and the symmetry of the surface plane cause the
diversity in SWNT chirality. To bypass the use of traditional
catalytic nanoparticles, Smalley et al. proposed a “clone”
protocol for the ampliﬁcation of originally short SWNTs.236
The ultimate protocol would involve the cutting of a speciﬁc

catalyst interfacial formation energy in the selective growth of
SWNTs.
2.7.2. Selective Growth of (n, n − 1) Family SWNT
Arrays. As the solid catalyst surface deﬁnes the nucleation of
SWNTs by an epitaxial relationship,87,92 the structure of the
nucleated SWNTs can be modiﬁed by carefully designing a
solid catalyst and tuning the growth conditions. Generally, an
SWNT having tight contact with a ﬂat low-index catalyst
surface is thermodynamically stable.89 As demonstrated in
Figure 42a, achiral SWNTs, including armchair (n, n) and
zigzag (n, 0) SWNTs, possess ﬂat open ends and are favored to
nucleate on a ﬂat catalyst surface.234 However, due to the lack
of active kinks at an achiral SWNT−catalyst interface for
incorporating new carbon atoms, a signiﬁcantly high energy
barrier must be overcome to acquire a repeatable ring-by-ring
growth, causing an extremely low SWNT growth rate.89,234 At
the same time, the addition of an adjacent pentagon-heptagon
(5|7) pair to induce a tube mutation is energetically preferable,
turning the chirality of the SWNT to (n, n − 1), (n + 1, n), or
(n + 1, n − 1) depending on the orientation of the 5|7 pair.
Consequently, the selective growth of the (n, n − 1) and (n, n
− 2) families of SWNTs is reasonable by stabilizing the (n, n)
caps during the nucleation stage. DFT calculations were
performed to study the stabilities of a (9, 9) SWNT and other
SWNTs with similar diameters on a Co(111) surface. The (9,
9) SWNT has the lowest formation energy but also a very low
growth rate. By adding a 5|7 pair, the transition to a (9, 8), (10,
9), or (10, 8) SWNT is likely to occur with a barrier of 3.8,
4.87, and 5.8 eV, respectively.
To verify the hypothesis experimentally, Co nanoparticles
were applied to grow SWNTs at near-equilibrium conditions,
which were explored by tuning the carbon source to hydrogen
ratio. Figure 42b shows the SWNT length as a function of time
at four diﬀerent growth conditions. With the decrease of the
carbon source (ethanol) to hydrogen (C/H) ratio, the SWNT
growth rate and length decreased. Because near equilibrium
growth requires a long incubation time and it is correlated with
minimal SWNT growth rate, the lowest C/H ratio of 15/400 is
thus considered as the near-equilibrium conditions for this
study. Under such conditions, SWNTs with large chiral angles
were preferentially synthesized (Figure 42c), which were quite
AR
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Figure 43. SWNT ampliﬁcation. (a) Schematic illustration of ampliﬁed SWNT growth. (b) Before-and-after AFM images showing the
ampliﬁcation of SWNT. Reproduced with permission from ref 236. Copyright 2006 American Chemical Society. (c) Schematic of SWNT cloning
by the open end mechanism. (d) Before-and-after SEM images reﬂecting continued SWNT growth. (e) RBMs of Raman spectra taken from
diﬀerent part of the cloned SWNT. Reproduced with permission from ref 239. Copyright 2009 American Chemical Society.

Figure 44. SWNT array growth by vapor-phase epitaxy. (a) Schematic illustration of vapor-phase epitaxy process for SWNT growth. (b) AFM
image of the (7, 6) SWNT seeds. (c) AFM image of the (7, 6) SWNTs after cloning. (d) RBMs of the cloned (7, 6) SWNTs. (e) SEM image of
HASAs for cloned SWNTs with diﬀerent chiralities. Reproduced with permission from ref 240. Copyright 2012 Springer Nature.

structure.238 In this proof-of-concept work, the ampliﬁed
SWNTs were actually catalyzed by Fe particles attached to the
SWNT ends. Yao et al. later demonstrated continued growth
of SWNTs without attaching new catalyst particles to their
open ends. 239 Speciﬁcally, the starting SWNTs were
horizontally aligned ultralong SWNTs, which were cut into
short segments by electron beam lithography and oxygen
plasma etching. Both ends of the short SWNTs were open and
free of catalyst particles. After eliminating the possible
functional groups at the SWNT ends, hydrocarbon CVD was
carried out to “clone” the SWNTs (Figure 43c). Both AFM
and SEM characterizations veriﬁed the ampliﬁcation of the
SWNTs (Figure 43d). The yield of continued SWNT growth
was 9.3% on a SiO2−Si substrate and increased to 40.7% when

(n, m) SWNT into many short segments, which serve as
templates for growing much longer SWNTs of the same type,
and then repeating the process until it results in the production
of mass SWNTs with identical structures. Prototype work was
performed by ﬁrst cutting SWNTs into tiny straws of ∼40 nm
long, which were end-functionalized with carboxylic acid
groups. After docking the Fe particles, which readily adhered to
the carboxylic acids, onto the SWNTs ends, CVD was carried
out to catalyze the SWNT growth (Figure 43a).237 Before and
after AFM images show that the diameters of the raw and
newly grown SWNTs are identical (Figure 43b). However,
only 3% of the catalyst particles in the reactor were able to seed
SWNT growth and it remains unclear whether or not the
ampliﬁcation SWNT piece inherited the original SWNT
AS
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Figure 45. Templated growth of SWNTs from carbon molecules. (a) Illustration of SWNT growth from a fullerene cap. SEM image of SWNTs
grown from fullerendione preannealed at (b) 300 °C and (c) 400 °C in air. Reproduced with permission from ref 243. Copyright 2010 American
Chemical Society. (d) Sketch of SWNT growth from a carbon ring. Reproduced with permission from ref 244. Copyright 2013 Springer Nature.
(e) Schematic illustration of (6, 6) SWNT growth from C96H54 molecular precursors. Reproduced with permission from ref 245. Copyright 2014
Springer Nature. (f) SEM image of SWNTs grown from C50H10 molecular seeds. Reproduced with permission from ref 246. Copyright 2015
American Chemical Society.

for continued SWNT growth was clariﬁed. The essence of
SWNT cloning is to incorporate C2H2 and C2H4 at the SWNT
edge, the chemistry of which follows the classical Diels−Alder
cycloaddition, which results in the formation of six-membered
rings. Using the vapor phase epitaxy strategy, HASAs with high
chirality selectivity to semiconducting (7, 6), (6, 5) or metallic
(7, 7) were synthesized on quartz substrate (Figure 44e).
Later, Liu et al. extended the SWNT types to other wellseparated SWNT species,242 including (9, 1), (8, 3), (10, 2),
and (6, 6). In addition, they compared the growth rates of all
seven SWNT species and revealed that the growth rate of the
SWNTs increased with an increasing chiral angle, which
correlated with the Diels−Alder chemistry. This work provides
a path toward single chirality SWNT array growth, which will
be beneﬁcial in the fabrication of SWNT transistors and
integrated circuits. Future research on cloning should be
focused on improving the sorted seed purity, increasing
cloning yield, enhancing SWNT density, and precisely
positioning the SWNT seeds.
In addition to open-ended SWNTs, other carbon-containing
large molecules, such as thermally opened fullerene,243 carbon
nanoring,244 and polycyclic hydrocarbon precursor245 can also
initiate SWNT growth by carbon incorporation. In 2010, Yu et
al. reported the CVD growth of SWNTs with controlled
diameters using fullerene caps (Figure 45a).243 By tuning the
temperature of thermal oxidation, the structure of the
hemispherical caps was engineered, initiating SWNT growth.
SEM images of the aligned SWNT arrays grown from
fullerendione, which had been treated by thermal oxidation
at 300 and 400 °C, are presented in Figure 45b,c, respectively.
It is evident that fullerendiones annealed at 400 °C catalyze
SWNT growth with a much higher density than those treated

the cloning was performed on a quartz substrate. More
importantly, Raman characterizations (Figure 43e) conﬁrmed
that the newly grown SWNTs had the same chirality with their
parent segments, which conﬁrmed the chirality inheritance of
duplicated SWNTs. The results not only validate the open-end
SWNT growth mechanism but also provide a promising
direction for SWNT cloning.
In the above-mentioned research, the starting seeds are short
SWNTs with diﬀerent chiralities and the cloned SWNTs
possess diverse structures. Using puriﬁed single-chirality
SWNTs as seeds, Liu et al. reported the growth of horizontal
SWNT arrays with predeﬁned chiralities by cloning, which was
termed vapor-phase epitaxy in their work.240 Figure 44a
depicts the key steps of the procedure, combining SWNT
separation with continued growth from open-ended SWNTs.
The seeds were single chirality SWNTs with purity up to 90%,
sorted by DNA-based chromatographic separation.241 After
SWNT dispersion onto a quartz substrate, heat treatment in air
and H2O vapor was applied to remove the wrapped DNA and
activate the SWNT ends. CVD growth was ﬁnally performed
to synthesize horizontal SWNT arrays using either ethanol or
methane as the carbon feedstock. Figure 44b,c shows the AFM
image of the (7, 6) SWNTs before and after CVD growth on a
quartz substrate, respectively. The average length of SWNTs
increased from 0.34 to 34.5 μm after vapor phase epitaxy, while
the SWNT diameters showed no signiﬁcant change.240 Similar
to SWNTs synthesized from catalyst particles, randomly
distributed SWNTs were cloned on the SiO2−Si substrate,
while HASAs along the crystal direction were synthesized on
an ST-cut quartz substrate. The SWNT chirality inheritance
was conﬁrmed by both Raman spectroscopy (Figure 44d) and
electrical measurement. In addition, the detailed mechanism
AT
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at 300 °C, which highlights the importance of thermal
oxidation treatment to open the fullerene cages. However,
owing to the possible cap aggregation during the oxidation
process, the templates could not be structurally tuned and the
produced SWNTs displayed a steplike diameter distribution.243 From the viewpoint of organic chemistry, it is possible
to furnish armchair SWNTs by combining a Diels−Alder
cycloaddition on a short hydrocarbon template and dehydrogenative aromatization. Omachi et al. later achieved synthesis
of SWNTs using cycloparaphenylenes as the template and
ethanol as the carbon source (Figure 45d).244 Unfortunately,
the synthesized SWNTs exhibited a relatively broad diameter
distribution, perhaps due to the instability of the carbon rings
during the SWNT growth process.
Single-chirality SWNTs with the highest purity were
reported by Sanchez-Valencia et al. who converted C96H54
molecular precursors into short (6, 6) SWNT caps,
subsequently templating the ﬁnal (6, 6) SWNT synthesis
(Figure 45e).245 The C96H54 precursor synthesized by
multistep organic synthesis was deposited on a Pt(111)
surface and annealed at 498 °C under ultrahigh vacuum
conditions to induce the surface-catalyzed cyclodehydrogenation reaction. Such reactions led to the generation of singly
capped ultrashort (6, 6) SWNT seeds. As revealed by STM
characterizations, the original quasi-planar 3-fold symmetric
molecules were converted into dome-shaped species with a
prominent height increase. Epitaxial elongation was realized by
consecutively incorporating carbon atoms onto the SWNT
rims through decomposition of ethanol or ethylene. The
exclusive synthesis of (6, 6) SWNTs was veriﬁed by the narrow
RBM peak in the Raman spectra, which indicated the high
degree of monodispersity.245 Combined with the production of
desirable SWNT caps, this on-surface synthesis approach
provides a method of fabricating SWNTs with predeﬁned
structures. Although the entire process and the involved low
temperatures are compatible with complementary metal oxide
semiconductor (CMOS) technology, the SWNT growth is
limited on Pt surfaces and the SWNT yield is very low. Using
C50H10 molecular seeds, Liu et al. synthesized HASAs with a
high yield on quartz substrates.246 The C50H10 end-caps were
synthesized from the corannulene molecule (C20H10) and were
free of metal elements. After dispersing the C50H10 seed onto
the quartz substrate, air oxidation at 500 °C and water vapor
treatment at 900 °C were carried out to activate the C50H10
caps. The high-temperature air annealing and H2O vapor
treatment were important in activating the C50H10 molecules
and the eﬃcient growth of SWNTs conducted at 900 °C with a
mixture of CH4 and C2H4. Owing to the existence of molecule
clusters and other SWNTs, SWNTs grown in high-density
areas were less aligned (Figure 45f). Most of the SWNTs
possess diameters comparable to those of the C 50 H 10
molecules, which suggest that these SWNTs grew from
individual molecules or very small aggregates. Extensive
Raman characterizations and electrical measurements of the
fabricated FET devices revealed nearly exclusive growth of
small diameter semiconducting SWNTs. Nevertheless, instead
of growing SWNTs with single chirality, the produced SWNTs
demonstrate diverse (n, m) structures. DFT calculations
showed that the dehydrogenated C50H10 molecules facilitate
the chirality conversion by introducing a pentagon−heptagon
(5|7) pair, especially at a high reaction temperature.
Furthermore, the high stability of the semiconducting
SWNTs could be the key origin of the nearly exclusive growth
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of semiconducting SWNTs. This work provides new insights
into the growth mechanisms of SWNTs from template
molecules.
Despite this progress, there are still many challenges in the
chirality selective growth of SWNTs from carbon-containing
seeds. The ﬁrst is to rule out unambiguously the contamination
of metal elements, which might catalyze SWNT growth
especially after high temperature treatment. The second is
how to prepare high-purity precursor molecules. As reported
by Tomada et al., three relatively simple building blocks could
be utilized to fabricate 21 SWNT chiralities;247 however, the
structural similarities of these molecules make the assembly of
a uniform precursor extremely diﬃcult. The third is how to
improve the seed stability and template the SWNT growth
with a single chirality. The last challenge is the necessity to
increase the growth eﬃciency and positioning of the SWNTs.

3. ASSEMBLY OF HORIZONTAL SWNT ARRAYS BY
POSTGROWTH TECHNIQUES
CVD has been proven a versatile approach for synthesizing
horizontal SWNT arrays with pristine properties. One major
challenge for the CVD technique is the inability to achieve
SWNTs with uniform structure or electric nature. Alternatively, taking advantage of the achievements in dispersing
and sorting SWNTs, a variety of methods have been developed
to assemble horizontal SWNT arrays.248−251 In these
processes, SWNTs with a high purity can ﬁrst be dispersed
into solutions and subsequently assembled into aligned arrays
onto the target substrate under the guidance of an external
electric ﬁeld or a shear force. According to the diﬀerent forces
used, the speciﬁc techniques can be classiﬁed into Langmuir−
Blodgett (LB),250,252 Langmuir−Schaefer (LS),253 DEP,254,255
gas ﬂow,251 evaporating droplet,256 slow vacuum ﬁltration,257
and spin assembly based on the functionalized surface.258
These techniques are discussed separately in the following
subsections.
3.1. Langmuir−Blodgett and Langmuir−Schaefer
Techniques

Because SWNTs can be regarded as a special polymer
consisting of only carbon atoms, techniques that can orientate
large molecules should be able to assemble SWNTs. Based on
the success in fabricating dense arrays of 1D nanomaterial
using the LB and LS techniques, Kristic et al. demonstrated the
formation of Langmuir ﬁlms of matrix diluted SWNTs in
1998.250 The key to fabricating Langmuir ﬁlms is to prepare an
SWNT−surfactant complex stabilized at the air−H2O interface. In their work, SWNT dispersion in an aqueous solution of
lithium dodecyl sulfate was spread onto a subphase containing
allylamine hydrochloride, which formed a polyionic complex
with the lithium dodecyl sulfate, thus stabilizing the Langmuir
ﬁlm. Using the Schaefer method, isolated SWNTs coated with
surfactant were then transferred onto a surface treated SiO2−Si
substrate. However, the limited SWNT dispersibility led to a
low deposition density, and the tube orientation control was
not achieved. Later, Sano et al. grafted SWNTs using
poly(ethylene oxide) and deposited SWNT ﬁlms utilizing the
LB technique.259 However, owing to the low collapse pressure
and instability of the dispersed SWNTs, the deposited SWNT
monolayer was inhomogeneous. A stable monolayer of
solubilized SWNTs was constructed by Guo et al. by adopting
poly(n-dodecylacrylamide) to form the subphase.252 The high
stability of the monolayer was attributed to the balance
AU
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Figure 46. Transfer of SWNTs from Langmuir ﬁlm. (a) Excitation and ﬂuorescence spectra of PmPV and PmPV bounded SWNTs in DCE. (b)
AFM image of LB ﬁlm of SWNTs on a SiO2 substrate; Reproduced with permission from ref 35. Copyright 2007 American Chemical Society. (c)
Schematic of the LS assembly process for an SWNT array with a full coverage. (d) AFM image of the densely aligned SWNTs. (e) Polarized Raman
spectra of the SWNT array. Reproduced with permission from ref 253. Copyright 2013 Springer Nature.

ﬂoating on the air−H2O interface formed an isotropic phase.
Finally, parallel SWNTs were horizontally transferred onto a
receiving substrate using the LS method. SEM, AFM, and
TEM were applied to characterize the transferred SWNTs.
Figure 46d shows an AFM image of the transferred SWNT
ﬁlm, which exhibits a high degree of alignment. Polarized
Raman spectroscopy was also applied to characterize the
alignment and uniformity of the SWNT arrays. Figure 46e
plots the G mode of an SWNT array for various angles, α,
between the incident laser polarization and SWNT alignment
directions. The inset of Figure 46e depicts the Raman peak
intensity dependence on orientation, which is approximately
described by a function of cos α2. All the characterization
results suggested that the SWNTs are uniform and well aligned
across the entire substrate. This alignment is attributed to the
LS method that uses a horizontal transfer method to transfer
the SWNTs, which reduces the disturbance on the SWNT
Langmuir ﬁlm. With the LS method, semiconducting SWNT
ﬁlm with a purity of 99% can completely cover a surface with a
recorded density of 500 tubes/μm. The prepared horizontal
SWNT arrays show great promise for use in high-performance,
thin-ﬁlm electronics. The LS technique is also valuable for
other emerging applications that utilize large collections of
SWNTs, including transparent and stretchable electronics.

between the hydrophilicity of the amide bonds and the
hydrophobicity of the alkyl chains in the poly(n-dodecylacrylamide). Using layer-by-layer deposition, SWNTs with
controlled orientation and thickness were ﬁnally achieved on
the hydrophobic and hydrophilic surfaces of solid substrates
via the LB method. Nevertheless, extensive covalent modiﬁcation of the SWNTs is needed to obtain SWNT
suspensions.
To minimize deteriorations on pristine SWNT structures, Li
et al. reported the preparation of stable SWNT suspensions in
1,2-dichloroethane (DCE) solutions of poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV),35 which
exhibits a high-binding aﬃnity to SWNT sidewalls. Figure 46a
compares the excitation and emission spectra of PmPV bound
HiPco SWNTs with that of pure PmPV. The shifts evidence
the strong interaction between the PmPV and SWNTs.
Spreading PmPV−SWNTs onto an H2O subphase readily
forms an LB ﬁlm and is then vertically transferred onto a SiO2
substrate. Figure 46b shows an AFM image of an LB ﬁlm of
transferred HiPco SWNTs that are densely aligned normal to
the substrate pulling direction. The high SWNT density relies
on the stably suspended SWNTs without excess free polymer.
The SWNT alignment over large areas was also veriﬁed by
polarization Raman measurements. The intensity ratio of the
peak to valley was approximately eight with little variation over
the substrate. Although imperfections such as voids, bending,
and looping of SWNTs existed in the assembled SWNTs, this
method represents progress toward assembling high-density
SWNT arrays and is generic for diﬀerent types of SWNTs.
Using sorted high-purity semiconducting SWNTs as a starting
material and a LS-based method, Cao et al. assembled
semiconducting SWNTs into aligned arrays with full surface
coverage for high performance electronics.253 The assembly
procedure is illustrated in Figure 46c. Pure semiconducting
SWNTs in a DCE solution were ﬁrst dispersed on the H2O
surface. After evaporation of the organic solvent, SWNTs

3.2. Dielectrophoresis

DEP was initially applied to separate metallic from semiconducting SWNTs according to their diﬀerent relative
dielectric constants with respect to the solvent.254 During the
DEP process, the introduced alternating current develops
induced dipole moments on the SWNTs, which ensures
SWNT alignment and movement in an inhomogeneous
electric ﬁeld. By applying an appropriate radio frequency
electric ﬁeld, metallic SWNTs are attracted toward a
microelectrode array, leaving semiconducting SWNTs in the
solvent due to the diﬀerent electric ﬁeld-induced polarizabilities. However, because the DEP forces on SWNTs
AV
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Figure 47. Assembly of SWNTs by DEP. (a) SEM image of an SWNT ﬁlm on a transparent quartz substrate. The inset is an illustration of the
setup for absorption spectroscopy characterization. (b) Optical absorption spectra of SWNT ﬁlms formed by DEP with diﬀerent parameters.
Reproduced with permission from ref 255. Copyright 2006 John Wiley and Sons. (c) Schematic of a DEP setup. (d) SEM image of monolayer
SWNT ﬁlm deposited with increased concentration of the SWNT solution. Reproduced with permission from ref 261. Copyright 2011 American
Chemical Society.

Figure 48. Aligned SWNT assembly by ﬁltration and bubble expansion. (a) Experimental setup for slow vacuum ﬁltration. (b) Optical image of
SWNT ﬁlm on a ﬁlter membrane. (c) Optical image of an SWNT ﬁlm transferred onto a transparent substrate. (d) SEM and TEM images of the
SWNT ﬁlm. Reproduced with permission from ref 257. Copyright 2016 Springer Nature. (e) Schematic of the bubble expansion process for
preparing aligned SWNTs. (f) Dark-ﬁeld optical image of SWNTs transferred to a Si wafer. Reproduced with permission from ref 265. Copyright
2007 Springer Nature.

having typical diameters of 1 nm and lengths of 1 μm are very
small, the yield of separated metallic SWNTs is relatively low.
In 2007, Krupke et al. improved the DEP process and prepared
thin metallic SWNT ﬁlms.255 The inset of Figure 47a illustrates
the setup utilized in their experiment. Electrodes fabricated by
optical lithography on a quartz glass have a ﬁnger gap of 1.8
μm. After being exposed to an SWNT suspension, a voltage of
20 V was applied to drive the array. The samples were
subsequently rinsed with ample H2O and dried in N2. Figure
47a shows an SEM image of the deposited SWNTs. The
individual SWNTs agglomerate on the surface and form a ﬁlm
perpendicular to the electrode ﬁngers. Optical absorption
spectroscopy was applied to characterize the separation results
(Figure 47b), which indicated that only at a high surfactant
concentration and a high electric-ﬁeld frequency can metallic

SWNTs be separated. This result is related to the residual
SWNT bundle content at a surfactant concentration below the
critical micelle concentration and to the surface-conductance
phenomenon induced by the surfactant.260 This work has
advanced the ability to separate metallic SWNTs in larger
quantities while maintaining the intrinsic high selectivity of the
DEP process.
During DEP assembly of the SWNTs, the critical aspect is to
prepare a high-quality SWNT solution, which should be able to
remain stable for a long time and contain mostly individual
SWNTs. In studies performed by Kruple et al.,254,255 sodium
cholate was adopted as the surfactant for dispersing SWNTs,
which has strong interactions with SWNT sidewalls and is
diﬃcult to remove after the SWNT assembly. Moreover, the
deposited SWNTs agglomerate rigorously and form multiAW
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Figure 49. SWNT assembly on a functionalized substrate surface. (a) Schematic showing the DNA−SWNT solution deposition and adsorption
experiment. (b) Schematic of physical events for ordered SWNT assembly. Reproduced with permission from ref 264. Copyright 2006 American
Chemical Society. (c) Schematic and characterization results of SWNT assembly on amine- and phenyl-terminated surface. (d) RBM modes of
SWNTs absorbed onto diﬀerent surfaces. Reproduced with permission from ref 258. Copyright 2008 American Association for the Advancement of
Science.

experimental setup of the vacuum ﬁltration method utilized.
Prepared SWNT suspension in a surfactant solution is poured
into a ﬁltration funnel with a ﬁlter membrane coated with a
hydrophilic polyvinylpyrrolidone layer. The suspension is
slowly pushed through the pores of the ﬁlter membrane via
diﬀerential pressure, which captures the remaining SWNTs. In
the process, three critical conditions should be satisﬁed to
obtain aligned SWNTs: (1) the surfactant concentration
should be below the critical micelle concentration; (2) the
SWNT concentration must be lower than the threshold value;
and (3) the ﬁltration process must be performed at a low
speed. Figure 48b,c presents optical images of a uniform ﬁlm
fabricated at the wafer-scale on a ﬁlter membrane and
transferred onto a transparent substrate. SEM and TEM
characterizations (Figure 48d) showed that the SWNTs are
densely packed with ∼1 × 106 SWNTs within a cross-sectional
area of 1 μm2. All the SWNTs are aligned, exhibiting an angle
deviation of ∼1.5° across the entire ﬁlm. The spontaneous
alignment of SWNTs was also veriﬁed by polarizationdependent optical spectroscopy, and the SWNT alignment is
posited to occur in a 2D manner.264 Because the membrane
surface and SWNTs are both negatively charged, SWNTs in
the suspension are repelled from the ﬁlter surface. At the same
time, the uncoated membrane areas attract SWNTs with vdW
interactions. Owing to competition between the repulsive and
attractive forces, a potential minimum was created near the
surface, which induces SWNT aggregation and formation of an
ordered 2D phase. Because horizontal rotation of SWNTs in a
ﬁnite length of time is required for arranging such ordered
structures, appropriate SWNT concentration, ﬁlter speed, and
surfactant concentration all play crucial roles in aligning the
SWNTs. The slow vacuum ﬁltration method is universally
applicable to SWNTs from diﬀerent sources.257 The large-area,
horizontally aligned SWNTs will enable a range of new
opportunities in both fundamental research and practical
applications.
Inspired by blown ﬁlm extrusion in the manufacturing of
plastic ﬁlm, Yu et al. described a bubble blown approach for
generating large-area, uniformly aligned SWNTs on both rigid
and ﬂexible substrates.265 Figure 48e illustrates the elemental
steps for the process, which include (i) preparation of a stable
SWNT−polymer suspension; (ii) formation of a bubble using
a circular die at a controlled pressure and expansion rate,
where vertical expansion is achieved by applying a vertical
force; and (iii) transfer of the bubble ﬁlm to a suitable

layers. A clean, surfactant free, stable SWNT aqueous solution
was implemented by Shekhar et al. for aligning monolayer
SWNTs using the DEP technique.261 A schematic of the DEP
setup is presented in Figure 47c. Both channel length and
width varied in speciﬁc ranges and the starting SWNT aqueous
solution from Brewer Science Inc. contained mostly individual
SWNTs with an average diameter of 1.7 nm and was surfactant
free. After casting a drop of SWNT solution onto the chip
containing the electrode arrays, an ac voltage was exerted
between the electrode pairs. The interaction between the
induced dipole moment and the electric ﬁeld aligns the
SWNTs in the direction of the electric ﬁeld lines. By
optimizing the parameters involved in the DEP process, such
as SWNT concentration, applied external voltage, sinusoidal
frequency, and DEP time, controlled alignment and assembly
of the SWNTs can be achieved. Figure 47d shows the SEM
images of assembled SWNTs achieved by varying the SWNT
solution concentration, thereby allowing the SWNT density to
be regulated from 1 to ∼30 tubes/μm. More importantly, the
SWNT density is uniform throughout the channel width and
the aligned SWNTs do not contain any bundles or catalytic
particle. The results are related to the uniform parallel electric
ﬁeld lines and the high-quality SWNT solution. Increasing
SWNT concentration further led to a linear density increase,
which inevitably causes the formation of a second and possibly
third layer. An alternate approach for enhancing SWNT
density was proposed by Gu et al.,262 who reported the
fabrication of horizontal SWNT ﬁlms using a heating enhanced
DEP process, where the “convection force” induced by the
heating eﬀect promotes the exchange and transfer of individual
SWNTs to the vicinity of the DEP grooves. The prepared
horizontal SWNTs with ultrahigh density will have important
implications in the fabrication of high-quality nanodevices if
the degree of alignment can be further improved.
3.3. Slow Vacuum Filtration and Bubble Blowing

Filtration induced alignment of carbon nanotubes was
developed by Heer et al. as early as 1995.263 Carbon nanotube
ﬁlm was produced by drawing the nanotube suspension in
ethanol through a ceramic ﬁlter with a 0.2 μm pore size. After
transfer onto a plastic surface, the surface was rubbed lightly
with an alumina foil or thin Teﬂon sheet. Dense aligned
nanotubes along the rub direction were observed.263 In 2016,
large monodomain ﬁlms of aligned SWNTs were prepared
using a modiﬁed ﬁltration technique.257 Figure 48a shows the
AX
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substrate. In the experiment, n-octadecylamine266 was adopted
for dispersing SWNTs and making bubbles. Figure 48f shows a
dark-ﬁeld optical image of an SWNT ﬁlm transferred to a Si
wafer. The SWNTs show good uniformity with an average
separation of 1.5 ± 0.4 μm across the entire 75 mm-diameter
substrate. More importantly, 90% of the SWNTs are aligned
within 5° of the average orientation. Although the alignment
mechanism is still unclear, this bubble expansion method is a
general approach for preparing well-aligned 1D nanowires and
nanotubes with a controlled density.
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evaporates and thins.268 Raman mapping was performed to
characterize the SWNTs absorbed onto the diﬀerent surfaces.
Figure 49d compares the RBMs of the SWNTs with an
excitation wavelength of 1.96 eV. Peaks corresponding to
semiconducting SWNTs are much stronger on the amine
surface, indicating their enrichment. In contrast, SWNTs on
the phenyl surface exhibited an enrichment of metallic species,
as reﬂected by both the RBM and G modes in the Raman
spectra. The sorted SWNTs on the amine and phenyl surfaces
are attributed to the selective absorption of amines toward
semiconducting SWNTs269 and phenyl toward metallic
SWNTs.258 Further work showed the SWNT alignment and
density could be controlled to some extent by varying the spin
rate and the solution volume during the spin coating
process.270 This work proposes a practical and reliable method
for assembling submonolayer ﬁlms of aligned SWNTs with
controlled electronic properties, which is promising for largearea, ﬂexible electronics.
Compared with CVD experiments, the solution assembly
methods exhibit some advantages for preparing uniform
SWNT ﬁlms over a wafer scale without substrate restrictions.
More importantly, the assembly technique is compatible with
sorted SWNT solutions composed of species with controlled
diameters, electric properties, and even chiralities. However,
these approaches also have disadvantages. First, the solution
based SWNTs always exhibit short lengths due to the
introduction of ultrasonication during the dispersion process.
Meanwhile, the surfactants and polymers applied for separating
SWNTs are very hard to remove after SWNT assembly, which
would aﬀect the pristine properties of the SWNTs. Second,
forming a stable SWNT suspension is challenging. Most
SWNT suspensions are unstable in a H2O subphase, which
causes SWNT aggregation. Third, although high-density
HASAs have been realized, the SWNT pitch is not adequately
tuned and due to the vdW interactions, SWNT bundles are
easily formed, which is not expected for fabricating FET
devices. Finally, owing to the mechanical ﬂexibility and the
high aspect ratio of SWNTs, imperfections cannot be
eliminated in the quasi-aligned SWNT assembly. Further
eﬀorts are required to improve the stacking conﬁguration and
degree of alignment of the SWNT arrays fabricated by these
solution approaches.

3.4. Assembly of Aligned SWNTs on a Functionalized
Substrate Surface

To further simply the SWNT alignment procedure, Mclean et
al. reported a spontaneous alignment of SWNTs by regulating
the interaction between the SWNTs and the substrate.264 In a
typical experiment, SWNTs wrapped by single-stranded DNA
were deposited on a clean SiO2/Si surface. After incubation at
ambient conditions for 15 min, the SWNT drop was rinsed
away and the substrate was dried with N2 gas. On the bare
SiO2 surface terminated with ionizable Si−OH (pKa= 5), the
DNA wrapped SWNTs do not adsorb on the substrate at pH >
5 and are randomly adsorbed on the surface at pH < 5. The
results highlight the importance of surface charge and its
hydrophilicity on SWNT absorption. However, performing the
experiment on a hydrophobic Sigmacote-modiﬁed SiO2 surface
leads to the adsorption of SWNTs aligned parallel to each
other in a pH range of 4−9 (Figure 49a). This alignment
direction is independent of the rinsing ﬂow or N2 blowing
directions. Based on systematic studies on the factors that
might aﬀect SWNT alignment and density, such as the
thickness of the hydrophobic layer, incubation time, DNA−
SWNT concentration, and metal boundary, the formation of a
nematic phase in the quasi-2D SWNT conﬁnement region was
proposed to explain the observed SWNT alignment. Due to
the presence of electrostatic repulsion and vdW attraction at
the SWNT−substrate interface, the combined energy has a 2D
plane minimum, which accumulates SWNTs in the potential
well. The SWNT conﬁnement leads to a concentration
buildup, which is crucial for the formation of a nematic
phase, meaning the overall ordered SWNT adsorption process
can be deemed a result of thermal hopping over the
electrostatic barrier (Figure 49b). This work shows the
possibility of rationally designing SWNT alignment patterns
using an economic approach.
Combining surface functionalization and spin coating,
Lemieux et al. reported the assembly of aligned SWNT arrays
with sorted chirality on diﬀerent substrates.258 Figure 49c
illustrates the process for fabricating a self-sorted SWNT thin
ﬁlm on a SiO2−Si substrate. The SiO2 surface was ﬁrst
functionalized with amine- (A) or phenyl-terminated (B)
silanes. SWNT suspension in 1-methyl-2-pyrrolidone was
dropped in the center of the wafer spinning at speeds ranging
from 500 to 6000 rpm. As shown by AFM images (10 μm × 10
μm), the absorbed SWNTs demonstrated diﬀerent densities
on the A and B surfaces. This is because the equilibrium
absorption energy of an NH2 group with SWNTs (0.57 eV) is
approximately three times that of the phenyl groups (0.20
eV).267 A total of 71% of the adsorbed isolated SWNTs are
aligned within ±10% of an arbitrary axis on both surfaces;
however, the degree of alignment on the amine surface is
slightly higher (histograms in Figure 49c). The SWNT
alignment is driven by the hydrodynamic ﬂow as the solvent

4. CHARACTERIZATIONS OF HORIZONTALLY
ALIGNED SWNT ARRAYS
Signiﬁcant progress has been made in fabricating HASAs with
controlled orientations, densities, and structures. To evaluate
the overall quality of SWNTs, it is necessary to determine the
alignment, length, conductivity, and even chirality of the
produced SWNTs. Thus far, several techniques such as optical
microscopy, SEM, AFM, STM, TEM, nanobeam ED, Raman
spectroscopy, Rayleigh scattering, UV−vis-NIR absorption
spectroscopy, photoluminescence (PL) spectroscopy, and
electrical measurements are applicable for characterizing asgrown SWNTs or SWNTs transferred onto targeted substrates
or in solutions. The electrical properties of SWNTs are usually
measured in FET form, and a high on/oﬀ ratio has been widely
used as a signature of semiconducting SWNTs.215,224 The
fabrication of FETs will be discussed in section 5.2. Traditional
techniques applied for characterizing randomly distributed
SWNTs and techniques particularly suitable for detecting
horizontally aligned SWNTs will be addressed separately in the
remainder of this section.
AY
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Figure 50. RBM mode of SWNT Raman spectrum. (a) Schematic illustration of RBM vibration. Reproduced with permission from ref 272.
Copyright 2003 IOP Publishing. (b) Three RBMs acquired from three individual SWNTs. Reproduced with permission from ref 273. Copyright
2001 American Physical Society. Resonance AS and S spectra for (c) a (12, 1) SWNT and (d) a (11, 3) SWNT. Reproduced with permission from
ref 274. Copyright 2002 American Chemical Society. RBM Raman mappings of (e) HiPco SWNTs dispersed in an SDS aqueous solution and (f)
as-grown CoMoCAT SWNTs. Reproduced with permission from ref 278. Copyright 2004 American Physical Society. Reproduced with permission
from ref 277. Copyright 2005 American Physical Society.

4.1. Traditional Techniques Applied for Characterizing
SWNTs

when the energy of the incident or scattered phonon matches
the energy separation between the two electronic states in the
SWNTs (Eii), the scattering eﬃciency could be increased by a
factor of approximately 103. This process is called resonant
Raman scattering. The intensity enhancement depends on the
DOS of the SWNTs available for the optical transitions;
therefore, the resonance Raman spectroscopy allows the
detailed investigation of the electronic and phonon structures
at a single tube level. Figure 50b shows RBMs taken from three
isolated SWNTs on a SiO2−Si surface with a 785 nm (1.58
eV) laser wavelength excitation.273,274 For analyzing SWNT
Raman spectra, it is necessary to consider the Kataura plot,
which relates Eii with the SWNT diameter (Figure 1d). By
utilizing the zone-folding method, Jishi et al.275 predicated that
the RBM frequency (ω) is inversely proportional to the SWNT
diameter (dt) by the following formula: ω = A/dt + B, where A
and B are constants. The absolute value of A is correlated with
the force constant in graphitic structures, and B is attributed to
the environmental eﬀect.276 As most horizontally aligned
SWNTs are synthesized on ﬂat substrates or transferred onto a
SiO2−Si surface for Raman characterization, the diameter can
be deduced from the formula ω = 248/dt proposed by Jorio et
al.273
The RBM feature can be applied to assign (n, m) for
individual isolated SWNTs by considering the diameter and
the Eii ∼ EL from the resonance condition. Thus, ﬁtting the
measured dt and Eii to the predicated values for a given (n, m)
could assign the chirality of an SWNT unambiguously. For
instance, the (n, m) of the SWNTs exhibiting RBMs in Figure
50b are respectively assigned as (20, 2), (11, 11), and (11, 5).
During the (n, m) assignment, the most challenging issue is the

4.1.1. Raman Spectroscopy. Optical spectroscopy has
been widely used for characterizing mass SWNT products.
Particularly, Raman spectroscopy has emerged as the most
powerful technique for characterizing both individual and bulk
SWNTs without complicated sample preparation.271 Raman
spectra from SWNTs provide an abundance of information
about the SWNT structure and properties.272 A typical Raman
spectrum for an SWNT consists of four characteristic features:
(i) RBM, changing the SWNT diameter by moving all atoms in
phase perpendicular to the SWNT axis; (ii) D-mode centered
around 1340 cm−1, originating from structural defects and
SWNT curvature; (iii) G mode between 1500 and 1600 cm−1,
corresponding to a splitting of the E2g stretching mode
graphite; and (iv) G′-mode arising from a two-phonon, second
order Raman scattering process. Although both the D-mode
and G′-mode are also sensitive to the SWNT chirality and
diameter, they are rarely applied to evaluate the SWNT
structure and properties. Considering further the recent review
works on SWNT characterizations,25,41 a brief discussion on
how to correlate the RBM band and the G band to the
diameter and chirality of SWNTs will be presented in this
study.
Figure 50a shows a schematic of the atomic vibrations for
the RBM mode.272 The RBM features correspond to the
coherent vibration of the carbon atom in the radial direction,
which is unique for SWNTs. Through the presence of RBM
modes, it is easy to identify whether a given material contains
SWNTs. Because the number of phonons Raman scattered is
small, the Raman scattering signal is usually weak. However,
AZ
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Figure 51. G mode proﬁle of SWNTs. (a) Scheme of G mode vibrations. Reproduced with permission from ref 272. Copyright 2003 IOP
Publishing. (b) G band proﬁle of bundled SWNTs. Reproduced with permission from ref 279. Copyright 2000 American Physical Society. (c) G
mode proﬁles of three isolated semiconducting SWNTs. (d) G mode proﬁles of three isolated metallic SWNTs. Reproduced with permission from
ref 280. Copyright 2002 American Physical Society. (e) Schematic illustration of blocking the vertical transition by regulating Fermi energy level
under electrostatic gating. (f) Full width of the G− peak from a metallic SWNT as a function of gating voltage. Reproduced with permission from
ref 281. Copyright 2007 American Physical Society. (g) Frequency of the G band features, ωG+ and ωG−, as a function of 1/dt. Reproduced with
permission from ref 280. Copyright 2002 American Physical Society.

for both the G− and G+ peaks.280 However, in Raman spectra
for metallic SWNTs, the lower-frequency G− mode has an
asymmetric Breit−Wigner−Fano (BWF) line shape (Figure
51d), providing a direct validation of the SWNT electronic
nature. With decreasing SWNT diameter, the BWF frequency
decreases and the full width at half-maximum intensity
increases. Moreover, SWNTs with larger diameters, i.e., smaller
curvature, demonstrate lower BWF intensities. Further studies
revealed that the broadness of the BWF feature originates from
the coupling of the phonon to the electron−hole pairs, the
strength of which is sensitive to the SWNT chirality and the
position of the Fermi energy.281 Figure 50e shows an
illustration of shifting Fermi energy by electrostatic gating.
The vertical transition will be blocked when the Fermi energy
is moved up or down by half the phonon energy. Figure 50f
plots the peak width as a function of gating voltage. Owing to
the displacement of the Fermi energy, the peak width decreases
with suﬃciently positive or negative gating voltage. Further
considering the SWNT chirality-related variation in the degree
of coupling, the broadened BWF feature in the Raman spectra
is a suﬃcient, but not a necessary, signature to identify a
metallic SWNT.281,282
Besides identifying the SWNT conductivity type, the G
mode proﬁle is also correlated with the SWNT diameter.
Figure 51g plots the frequency of the G band features, ωG+ and
ωG−, as a function of 1/dt.280 The frequency of G− for
semiconducting SWNTs, indicated by ﬁlled circles in Figure
51g, is diameter dependent and appears to extrapolate to 1591
cm−1. While the ωG− for metallic SWNTs is rather dispersive,
indicated by unﬁlled circles in Figure 51g. Therefore, splitting
between the frequencies of the G+ and G− peaks provides a
means for determining the SWNT diameter, which can be
applied to corroborate SWNT chirality assignments carried out
from the RBM feature. Together with careful SWNT
preparation, Raman spectroscopy has been widely applied to
estimate the ratio of metallic to semiconducting species and
the abundance of SWNTs with speciﬁc chiralities quantitatively. Furthermore, the ﬂexibility and ease of integration of
Raman spectroscopy makes it easily combinable with other

determination of the Eii value. One strategy to determine the
Eii value precisely is to measure both the Stokes (S) and antiStokes (AS) RBM spectra.274 Figure 50c,d shows the RBMs of
the (12, 1) and (11, 3) SWNTs with similar RBM frequencies.
The intensity ratios of the AS and S RBMs are quite diﬀerent
and can be applied to correct the Eii. The (n, m) assignment
based on the RBM frequency has been widely applied to study
the chirality distribution of SWNTs grown on the substrate
surface,51,76 especially those with a high chiral selectivity.
A similar approach for determining the semiconducting to
metallic ratio and the (n, m) population in bulk SWNTs was
proposed by Jorio et al.277 In the process, a tunable laser is
applied and the spacing between excitation laser lines governs
the precision for determining the resonant Raman intensity. A
maximum Raman intensity in the Raman spectrum occurs
when EL is in perfect resonance with Eii. Figure 50e,f,
respectively, shows the RBM resonance Raman measurements
on HiPco SWNTs278 and CoMoCAT SWNTs277 using a
tunable laser. Using this method, the Eii and RBM frequency
for a series of SWNTs are readily determined.278 In addition,
by assuming that the intensity for the fully resonant Raman
signal depends on the SWNT scattering eﬃciency and the
SWNT population, the population of each speciﬁc SWNT is
obtained. Based on this process, the metallic to semiconducting ratio in a CoMoCAT SWNT is 1:11, the most
abundant (6, 5) SWNT occupies two-ﬁfths of the sample, and
the (7, 4) SWNT is the metallic species with the highest
population.277 The minor changes in electronic transition
energies and populations could be clearly observed by
comparing the diﬀerent samples.277
The assignment of SWNT chiral indices can be corroborated
by the G mode, the schematic of which is presented in Figure
51a.272 Because the G band proﬁle of bundled SWNTs exhibits
a wide line width and is complicated to analyze (Figure
51b),279 investigations on the SWNT chirality dependence of
the G band were mainly performed at the single nanotube
level.280 Figure 51c shows the G modes of three individual
semiconducting SWNTs with their respective chiralities of (17,
7), (17, 3), and (15, 2). All the semiconducting SWNTs
exhibit line widths close to 9 cm−1 and a Lorentzian line shape
BA
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Figure 52. Optical spectra of SWNTs. (a) Schematic of optical adsorption and PL emission in SWNTs. (b) Adsorption spectra of HiPco SWNTs
in sodium dodecyl sulfate aqueous solution. Reproduced with permission from ref 283. Copyright 2002 The American Association for the
Advancement of Science. (c) Illustration of the absorption spectrum of electric arc SWNTs. Reproduced with permission from ref 284. Copyright
2005 American Chemical Society. (d) Illustration of gap energies and peak assignment for calculating the nearest-neighbor hopping integral.
Reproduced with permission from ref 288. Copyright 2003 American Chemical Society. (e) Absorption spectrum of SWNTs synthesized on a
W6Co7 catalyst. Reproduced with permission from ref 76. Copyright 2014 Springer Nature.

tion spectroscopy can also be applied to evaluate SWNT
purity,284 as illustrated in Figure 52c. The relative strength of
the characteristic features compared with the featureless
baseline provides a measure of SWNT purity (inset of Figure
52c), reﬂected by the ratio between AA(S) and AA(T), where
AA(S) is the area of the S22 interband transition and AA(T)
represents the total area under the spectral curve.284
More importantly, all the features in the absorption spectra
are readily assigned to the electronic transitions of semiconducting and metallic SWNTs. Based on the electronic band
theory,285 the diameter distribution and mean diameter can be
deduced from the width and absorption maximum of the
absorption band.286,287 To relate the features in the absorption
spectra of isolated SWNTs to electronic excitations in speciﬁc
SWNTs, Hagen et al. performed tight-binding band structure
calculations with chirality and diameter dependent γ0 being the
only adjustable parameter,288 where γ0 can be deduced from
γ∞
0 , the hopping integral for the plane graphene sheet. Figure
52d illustrates the process for identifying the γ∞
0 value. The
upper panel presents the ES11 region in the absorption spectrum
of the HiPco SWNTs. There are 14 gap energies
corresponding to the ES11 of 14 SWNTs with diﬀerent (n,
m). The lower panel shows the energy ratios of the
experimental and calculated gap energies, ES11/εS11, versus
experimental gap energy. By combining a low standard
deviation for A-cluster features and a good global ﬁt to the
spectra, γ∞
0 is determined to be 2.634 eV, which allows the
assignment of (n, m) indices to interband transitions in speciﬁc
SWNT types, thus supporting a quantitative analysis of the
absorption spectrum. Figure 52e shows the absorption

nonoptical nanoscale characterization tools such as AFM and
electron microscopy.
4.1.2. Optical Absorption Spectroscopy. In Raman
spectra of SWNTs, the optical transitions between spikes of
DOS signiﬁcantly enhance the Raman intensity. These
electronic transitions could also be reﬂected by the UV−visNIR absorption spectrum, which is widely used to identify
SWNT purity, diameter, and chirality distribution. Figure 52a
presents a schematic of the density of electronic states for a
semiconducting SWNT. The quasi-one dimensionality of the
SWNT causes the sharp Van Hove peaks.99 Because the
aggregation of SWNTs into bundles perturbs the electronic
structure of the SWNTs, O’Connell et al. proposed to obtain
individual SWNTs by ultrasonically agitating an aqueous
dispersion of SWNTs in surfactant, followed by centrifugation,
which removes the bundles and residual catalyst.283 Figure 52b
shows the adsorption spectra of HiPco SWNTs in a SDS−D2O
suspension. These spectra are the superposition of distinct
electronic transitions from diﬀerent isolated SWNTs. E11 of the
semiconducting SWNTs is in the range of 800−1600 nm,
which slightly overlaps their E22 transition region of 550−900
nm. The lowest electronic transitions for metallic SWNTs
appear in the range of 400−600 nm.283 The top trace, D, is
absorption of the SWNT dispersion without centrifugation.
The features are broad and little structure can be discerned
because of the vdW interactions between the bundled SWNTs.
After removing SWNT bundles and residual catalyst particles
by centrifugation, pronounced structures were observed in the
decanted supernatant samples (traces A, B, and C). Besides
assessing the SWNT aggregating state, UV−vis-NIR absorpBB
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Figure 53. PL emission of SWNTs. Contour plot of ﬂuorescence intensity versus excitation and emission wavelengths for (a) HiPco SWNTs and
(b) CoMoCAT SWNTs. (a) Reproduced with permission from ref 99. Copyright 2002 The American Association for the Advancement of Science.
(b) Reproduced with permission from ref 31. Copyright 2003 American Chemical Society. (c) Dependence of ﬂuorescence action cross section on
emission frequency for 12 (n, m) species. Reproduced with permission from ref 291. Copyright 2007, American Chemical Society. (d) (n, m) and
(2n + m) family assignment for Co-MCM-41 SWNTs. (e) Optical absorption spectrum of Co-MCM-41 SWNTs and spectral reconstruction using
two diﬀerent models. Reproduced with permission from ref 293. Copyright 2006 American Chemical Society.

spectrum of SWNTs synthesized on a W6Co7 catalyst.76
Through quantitative analysis, the purity of the (12, 6) SWNT
is determined to be 92.5%. Together with PL spectroscopy,
absorption spectroscopy has been broadly applied in
estimating the abundances of SWNTs with diﬀerent (n, m)
indices.
4.1.3. Photoluminescence Spectroscopy. Owing to the
large diversity of SWNTs in most products, many SWNTs
could have similar E22 or E11 energies, which deteriorates the
sharpness of the absorption peaks and makes accurate
assignment of SWNT chirality by absorption spectroscopy
more diﬃcult. PL spectroscopy thus arises as a complement to
absorption spectroscopy for assigning SWNT chirality and
evaluating SWNT abundance. Figure 52a illustrates the PL
process, which begins with photoexcitation, which causes an
electron in an SWNT to absorb excitation light via an E22
transition and consequently generating an electron−hole pair.
Both the electron and hole rapidly relax from the c2 to c1 and v2
to v1 states, respectively. Finally, their recombination through a
c1−v1 transition leads to light emission.99 Experimentally, the
emission intensity is measured on SWNTs isolated in an
aqueous surfactant suspension versus wavelengths of both
excitation and emission source, from which a contour plot can
be produced (Figure 53a). The discrete peaks arise from the
transitions in various semiconducting SWNT species. After
electron excitation in metallic SWNTs, the holes are
immediately ﬁlled by other available electrons in the metal;
therefore, excitonic luminescence cannot be generated in
metallic SWNTs. In the circled area of Figure 53a, the
coordinates of each peak are correlated with the v2 → c2 optical
excitation energy and the c1 → v1 emission energy.99 The PL
measurements reveal distinct electronic absorptions and
emission transitions for diﬀerent (n, m) SWNT species, the

relative abundance of which can be estimated from the relative
intensities. For example, Bachilo et al. applied this technique to
characterize the CoMoCAT SWNT suspension (Figure
53b).31 Presuming that the SWNT abundance is proportional
to the PL intensity, (6, 5) and (7, 5) SWNTs account for 57%
of the semiconducting SWNTs with an average diameter of
0.81 nm.277
However, the ﬂuorescence quantum yield of individual
SWNTs is structure dependent. Therefore, to connect the
observed PL intensities to their abundances, knowledge of the
structure-dependent factors is required.289,290 Using single
nanotube photometry, Tsyboulski et al. measured the
production of the absorption cross section and PL quantum
yield for 12 diﬀerent semiconducting SWNTs in an aqueous
sodium dodecyl benzenesulfonate suspension.291 The advantage of the single-molecular optical method is that it allows the
study of individual (n, m) SWNTs within an inhomogeneous
mixture. Figure 53c shows the dependence of ﬂuorescence
action cross section on emission frequency. Generally, SWNTs
in the (n−m) mod 3 = −1 family (indicated by the red ﬁlled
circles in Figure 53c) display higher PL emission intensities
than those in the (n−m) mod 3 = 1 family (indicated by the
unﬁlled circles in Figure 53c). This trend is in agreement with
those calculated by other models.289,290 The (10, 2) species
exhibits the highest ﬂuorescent quantum yield of ∼8%. These
empirical results could not only serve as a benchmark to help
reﬁne theoretical models but also introduce the empirical
calibration factors needed for deducing quantitative (n, m)
distributions from bulk PL intensities.
The abundances of diﬀerent SWNTs in a sample determined
by PL spectroscopy could be crosschecked by other
techniques, such as Raman or absorption spectroscopy.292,293
Based on a single-particle electron−phonon interaction model,
BC
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Figure 54. STM characterizations on SWNTs. (a) Atomic structure of an individual SWNT. (b) Calculated normalized conductance from the
location indicated in (a), inset is the measured I−V curve. Reproduced with permission from ref 299. Copyright 1998 Springer Nature. (c)
Atomically resolved STM image of an intramolecular SWNT junction. (d) Tunneling conductance for the upper and lower portions of the SWNT
junction. Reproduced with permission from ref 301. Copyright 2001 American Association for the Advancement of Science. Atomically resolved
STM images of (e) a zigzag SWNT and (f) a chiral SWNT. (g) Schematic diagram of measuring chiral angles and handedness of SWNTs on
graphite. Reproduced with permission from ref 156. Copyright 2013 Springer Nature.

for SWNTs on self-assembled monolayers with a longer silane
chain length. This PL recovery is attributed to the chemical
bond breakage and electron transfer blockage between the
SWNTs and substrate. To further extend the applications of
PL spectroscopy on SWNT characterizations and explore the
applications of SWNTs in light harvesting, additional eﬀort to
improve SWNT PL eﬃciency is required.
4.1.4. Scanning Probe Microscopy. Scanning probe
microscopy is a branch of microscopy, which forms surface
images using a physical probe that scans the specimen. It
allows the characterization of SWNTs in ambient air with a
resolution comparable to high-resolution TEM. Typically,
AFM is widely applied to characterize SWNT arrays in terms
of density, length, orientation, and diameter;37,51 however, the
acquisition of large area images is time-consuming. With AFM
and scanning tunneling microscopy (STM), it is possible to
probe the topography and electronic structure of SWNTs,
gaining insights into the 3D nature of the SWNT. The original
STM analysis of SWNTs was performed by Ge et al.,297,298
who acquired atomic resolution images of SWNTs lying on
highly oriented pyrolytic graphite. Later, Odom et al.299 and
Wildöer et al.300 independently learned additional information
about the atomic structures and electronic properties of
SWNTs utilizing STM. Figure 54a shows an atomically
resolved image of an isolated SWNT on an Au (111)
substrate.299 The honeycomb lattice with a C−C spacing of
0.14 ± 0.02 nm was observed. By measuring the angle between
the nanotube axis and the zigzag tube axis directions, the
SWNT chiral angle was determined to be −8.0 ± 0.5°. The
electronic properties of the atomically resolved SWNTs can be
determined by tunneling spectroscopy, which provides tunnel
currents at large bias voltages between the STM tip and the
sample. In scanning tunneling spectroscopy, the feedback and
scanning are switched oﬀ, and the current (I) is recorded as a
function of applied bias voltage (V). Figure 54b shows the

Luo et al. developed a methodology that considers the SWNT
structure to evaluate the (n, m) abundance of SWNTs.293
Figure 53d illustrates the (n, m) assignment deduced from a
PL excitation map for a Co-MCM-41 SWNTs/DNA
dispersion, in which the size of the dots is proportional to
their respective PL intensities. The geometrical patterns for
diﬀerent (2n + m) families are marked with numbers in
squares. By correcting the experimentally observed PL
intensities using the models, the abundance of a particular
(n, m) SWNT can be calculated. Subsequently, the diameter
and chirality distributions of the SWNTs are obtained. Figure
53e presents the absorption spectrum of the Co-MCM-41
SWNTs. After background removal, spectral reconstruction by
summarizing the thin Lorentzian peak contribution from each
(n, m) SWNT, is calculated utilizing an exciton−exciton
resonance model289 and an electron−phonon interaction
model.293. The absorption spectrum was accurately reconstructed with two adjustable parameters in conjunction with
the theoretically derived extinction coeﬃcients. By combining
the PL and absorption results, this work provides a rational
methodology for accurately assessing semiconducting (n, m)
SWNT abundance.294
In addition to investigating individual SWNTs dispersed in
aqueous solutions, PL spectroscopy is also applicable to
investigate as-grown SWNTs on substrates such as sapphire.
Ishigami et al. successfully measured PL spectra of SWNTs
grown on diﬀerent sapphire planes.295 However, SWNTs
grown on ﬂat substrates usually show an extremely weak PL,
indicating that the interactions between the SWNTs and
substrate may induce nonradiative decay of excitons in the
SWNTs. Meanwhile, the electron transfer between the SWNTs
and defect states could also quench excitons in SWNTs. To
recover the PL, Xie et al. proposed to transfer SWNTs onto a
methyl-terminated self-assembled monolayer functionalized
SiO2−Si substrate.296 A stronger PL emission was observed
BD
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Figure 55. TEM and ED characterizations on SWNTs. (a) High-resolution TEM images of two individual SWNTs. Insets show the FFT patterns.
(b) Illustrations of (10, 10) and (11, 8) tubes. (c) Simulated TEM images of the two SWNTs and their FFT patterns (insets). Reproduced with
permission from ref 303. Copyright 2008 American Chemical Society. (d) A (5|7) pair defect found in an SWNT. (e) An enlarged image in which
dots having a diﬀerent number of neighbor carbon atoms are marked with diﬀerent colors. Reproduced with permission from ref 305. Copyright
2007 Springer Nature. (f) Schematic depiction of the diﬀraction pattern obtained from an SWNT. (g) Theoretical form of the radial intensity
distribution of one of the layer lines. Reproduced with permission from ref 309. Copyright 2011, Elsevier Inc. (h) TEM image of an individual
SWNT and (i) its experimental ED pattern. Reproduced with permission from ref 311. Copyright 2006 Elsevier Inc. (j) TEM images and ED
patterns from (12, 6) and (8, 4) SWNTs. Reproduced with permission from ref 51. Copyright 2017 Springer Nature.

gradual increase in current in the I−V data recorded at speciﬁc
sites of an SWNT and diﬀerentiated to obtain the normalized
conductance, which is proportional to the DOS of the
examined SWNT. In the −600 and +600 mV range, the
DOS is roughly constant, which is a characteristic of metallic
SWNTs. Consequently, the chirality of the SWNT is
unambiguously determined as (11, 2).
The I−V curves recorded from semiconducting SWNTs
shows distinctly diﬀerent behaviors from the metallic SWNTs.
For example, in the voltage range of ∼−300 to +400 mV, the
current of a (14, 3) SWNT is very small; however, the current
increases sharply at −325 mV and +425 mV, which
corresponds to a moderate bandgap of 750 meV. In general,
the local DOS determined from the data sets acquired at
diﬀerent locations along the nanotubes are similar, which
indicates the structural uniformity of the SWNTs. Subtle
changes in the SWNT structure could be distinguished by
STM characterizations. Figure 54c shows an example of the
SWNT intramolecular junction.301 A perturbation in the
regular atomic-scale structure of the lower and upper portions
of the SWNT was observed at diﬀerent bias voltages. The
respective (n, m) indices for the upper and lower portions were
assigned as (21, −2) and (22, −5), respectively. The presence
of the intramolecular junction was further veriﬁed by the
diﬀerence between the ﬁrst van Hove singularities (1.29 eV vs
0.45 eV) in the tunneling spectroscopy data (Figure 54d).
Characterizations on SWNT intramolecular junctions could
provide a feedback mechanism for rationally establishing a
pathway for their controlled synthesis.
A conductive substrate is required to conduct atomic-scale
resolution STM on SWNTs. To acquire the atomic structure
of as-grown SWNTs, Chen et al. developed a rational approach
to anchor “kite ﬂying” SWNTs on a conductive graphite
surface.156 After CVD growth and SWNT landing, an STM
device was fabricated by electron beam lithography, electrode
deposition, and welding of the Au nanowires. Figure 54e shows

the atomically resolved STM image of a zigzag SWNT. The
benzene ring arrangement in the SWNT perfectly matches
with that in the graphite, indicating the chiral angle dependent
alignment of the SWNT. Because the interaction between an
SWNT and the underlying graphite is strongest when their
interface has an AB stacking conﬁguration, the SWNT
alignment on the graphite surface thus depends on its chiral
angle. The chiral angle-selective alignment of an SWNT on
graphite was also conﬁrmed by Figure 54f, which presents an
STM image of a chiral SWNT with a chiral angle of 26.6°. The
benzene ring arrangements of the SWNT’s lower part exactly
matches the crystallinity orientation of the graphite substrate.
From AFM or STM images without acquiring atomic
resolutions, the chiral angle is readily determined by measuring
the angle between the graphite zigzag direction and SWNT
axial direction (Figure 54g). If the measured angle (φ) is
smaller than 30°, the SWNT is right-handed with a chiral angle
of (30° − φ). If φ is in the range of 30° to 60°, the SWNT is
left-handed and its chiral angle is (90° − φ). Using this
methodology, the chiral angle and handedness of 86 SWNTs
grown on Fe catalyst using ethanol CVD were determined.156
The statistics showed an equivalent possibility for an SWNT to
be right- or left-handed. In addition, there was no chiral angle
selectivity in the long SWNTs produced. This approach puts
forward a method to determine the chiral structures of SWNTs
accurately, which represents an important step forward in
characterizing SWNTs.
4.1.5. Transmission Electron Microscopy. TEM is a
powerful technique applied to determine the diameter and
chirality of SWNTs. Using high-resolution TEM with a
resolution suﬃcient to image the carbon atomic structure,
detailed structural information on an individual SWNT is
readily obtained. However, owing to the small atomic mass of
carbon, the electron beam could cause knock-on structural
damage to the SWNTs.302 By incorporating aberration
correctors into the TEM, atomic resolution microscopy can
BE

https://dx.doi.org/10.1021/acs.chemrev.0c00395
Chem. Rev. XXXX, XXX, XXX−XXX

Chemical Reviews

pubs.acs.org/CR

Review

described by the square of a Bessel function, the order of which
is related to the SWNT chiral indices (n, m) and can be
determined from measurement of the separation of the ﬁrst
(P1) and second (P2) order peaks (Figure 55g). By calculating
the ratio of peak separations (Rp) and comparing with
theoretical values, the orders of Bessel functions, and thus
the chiral indices of the SWNT, are determined.313 Since the
diﬀerence between theoretical Rp decreases with an increasing
Bessel function order, accurate measurement of P1 and P2 is
needed to assign high order Bessel functions. Later, the ratio of
the ﬁrst peak (P1) or minimum separation (M1) to the distance
between the ﬁrst two minima (Δ12, Figure 55g) was applied to
determine the order of the Bessel functions more accurately.314
However, any tilt of the SWNT axial plane away from the
normal to the incident electron beam causes signiﬁcant
changes in the radial intensity distribution peak positions,
resulting in failure of the Bessel function assignment. To
circumvent the problems caused by SWNT tilt, Gao et al.
proposed to determine SWNT structure by using the axial
positions of the layer lines.315 The diameter of the SWNT is
inversely proportional to the reciprocal vector and can be
measured from the equatorial oscillation. The SWNT chiral
angle is related to the distances di, which can be measured
precisely from the digitalized patterns. Most importantly, the
relationships are independent of the tilting angle of the SWNT,
enabling the calibration-free analysis of the diﬀraction pattern.
In 2007, Jiang et al. proposed an alternative approach to
determine the chiral indices from measurements of di distances
and the interval between the zeros along the equatorial line
(δ).311 The tilting angle of the SWNT is simultaneously
evaluated and the eﬀect of SWNT inclination is compensated.
Because only the intervals between the zeros along the
equatorial line and the layer line spacing are involved in the
measurement, this method has a high ﬂexibility and veriﬁability
in determining the SWNT chirality. Figure 55h,i shows a real
space TEM image of an individual SWNT and its ED pattern,
respectively. The three principle layer lines (d2, d3, and d6) are
marked. Analysis of the ED pattern yielded an SWNT chirality
of (23, 10).311 Based on the diﬀerent strategies applied to
determine SWNT chirality from its ED pattern, a series of
SWNTs from diﬀerent sources have been investigated to
obtain their corresponding chirality distributions.33,59,63,65,104,316,317 Figure 55j presents typical ED
patterns acquired from SWNTs grown using carbide
catalysts,51 and the selective synthesis of (2n, n) SWNTs was
conﬁrmed. This technique is not only applicable to suspended,
isolated SWNTs but is also helpful in analyzing the chiral angle
distribution of bundled SWNTs or multiwalled carbon
nanotubes.318,319 However, it is noted that any deformation
in the SWNT would alter the diﬀraction pattern, causing
possible errors in the assignment of the chiral indices. In
addition, the ED characterization eﬃciency is not very high,
therefore, limiting its wide applications in analyzing mass
products.

be performed at low accelerating voltages. The inherent
stability of SWNTs under electron beam irradiation was
investigated by Warner et al.,302 who discovered that the
SWNT stability increases with increased SWNT diameter, and
contaminations and defects degrade the stability. To enable
high spatial resolution to image the atomic structure, it is
necessary to lower the accelerating voltages and the beam
current densities. Using an aberration corrected TEM operated
at 80 kV, Sato et al. characterized the SWNTs sorted by the
density gradient ultracentrifugation process.303 Figure 55a
shows highly magniﬁed TEM images of two isolated SWNTs.
From the distance between the two adjacent zigzag chains on
the SWNT wall, the spatial resolution was determined to be
better than 0.21 nm. By correcting their distance from the
SWNT wall, the diameters of the SWNTs are estimated to be
1.35 and 1.32 nm. The fast Fourier transformation (FFT)
patterns derived from the TEM images are presented in the
insets of Figure 55a. Both patterns consist of hexagons with
characteristic bright spots, which give the chiral angles of 30°
and 24.5°, respectively, and the chiral indices of the SWNTs
were thus assigned as (10, 10) and (11, 8), respectively, as
illustrated in Figure 55b. Figure 55c presents the simulated
TEM images and the FFT patterns of the SWNTs, consistent
with the experimental images.303 Using this technique, the
chirality distribution of isolated SWNTs can be statistically
analyzed. By increasing the accelerating voltage to 120 kV, a
point resolution of 0.14 nm could be attained. However, under
electron beam irradiation, freestanding small-diameter SWNTs
are intrinsically unstable. To protect SWNTs while minimizing
external disturbances, Guan et al. proposed growing small
SWNTs inside SWNTs with diameters of 1.0−1.2 nm.304 With
the protection of the outer nanotubes, the smallest nanotubes
with chiral indices of (3, 3), (4, 3), or (5, 1) were identiﬁed. In
addition, the determined cap structure was half C20, which
helps to understand the growth mechanisms of ultrasmall
SWNTs.
In addition to characterizing the pristine structure of
SWNTs, the active topological defects of nonhexagonal carbon
rings migrating along the SWNT wall can be detected by TEM
imaging. Figure 55d shows a TEM image of an SWNT after
heat treatment at 2000 °C and fast cooling in a vacuum.305
The SWNT has a kink at the upper side of the image. In the
enlarged image (Figure 55e), some topological defects are
clearly seen. These topological defects tend to gather around
the area of the kink and their migration is directly correlated to
SWNT deformation. Therefore, this work helps to understand
the atomistic mechanism of SWNT deformation. Moreover,
TEM enables bond-by-bond characterizations, which resolves
strain in the SWNTs at the atomic level and reveals the
remarkable deformation mechanics of SWNTs.306
Although TEM can provide structural information, atomically resolved images are not easy to acquire because of the
instability of SWNTs under electron beam irradiation.307
Nanobeam ED arises as an alternative means for the structural
analysis of SWNTs.308,309 ED was applied to characterize the
SWNTs at the time of their ﬁrst discovery.3 Later, a
kinematical description of diﬀraction from an SWNT was
introduced.310 Figure 55f presents a schematic depiction of the
diﬀraction pattern from an SWNT,309,311 which can be
considered as diﬀractions from two parallel sheets of graphene.
Because of the radial curvature, the diﬀraction spots appear
smeared in the radial direction, generating a series of layer
lines.312 The radial intensity distribution of each layer line is

4.2. Techniques Applied for Characterizing Horizontally
Aligned SWNTs

4.2.1. Polarized Optical Spectroscopy. The characterization of SWNT diameter and chirality distribution using
optical spectroscopies, including Raman, absorption, and PL
spectroscopy, have been described above. These techniques are
also applicable for evaluating the degree of alignment of
horizontal SWNTs. SWNTs are extremely anisotropic due to
BF
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Figure 56. Polarized optical spectroscopy. Polar diagrams showing Raman intensity of (a) G mode and (b) RBM mode of SWNTs against the
angle between the incident light and the SWNT axis. Reproduced with permission from ref 321. Copyright 2000 American Physical Society. (c)
Calculated cross sections for light polarized parallel and perpendicular to the SWNT axis. Reproduced with permission from ref 323. Copyright
2004 American Physical Society. (d) Polarized Raman spectra and (e) attenuation spectra for two conﬁgurations on SWNT ﬁlm prepared by
vacuum ﬁltration. Reproduced with permission from ref 257. Copyright 2016 Springer Nature. (f) Polarized PL spectra from a stretch aligned
SWNT ﬁlm. Reproduced with permission from ref 326. Copyright 2005 American Institute of Physics.

attributed to screening by induced charges on the surface of
the SWNTs, which produces a depolarizing ﬁeld inside the
SWNT and cancels the external ﬁeld. The position of E12 could
also be assigned by polarized PL excitation spectroscopy,324
which is close to E22 and has a speciﬁc family pattern. As a
result, all the anisotropic spectra can be applied as a
benchmark for quantitatively measuring SWNT orientations.
Figure 56d presents polarized Raman spectra for an aligned
SWNT ﬁlm prepared by vacuum ﬁltration in two polarization
conﬁgurations.257 Based on the standard equations for the
angular dependent Raman spectra,325 an order parameter as
high as 0.96 was deduced, conﬁrming the good alignment of
the fabricated SWNT ﬁlm. Figure 56e shows the absorption
spectra of the well aligned SWNT ﬁlm. Interband transitions
for semiconducting SWNTs (Es11, ES22) and metallic SWNTs
(EM
11) were clearly observed for parallel conﬁgurations. All these
peaks vanished for perpendicular polarization due to the
extremely high degree of alignment. Speciﬁcally, there is no
detectable attenuation in the whole terahertz/IR range (<1
eV). Instead, a broad absorption feature in an intermediate
energy region between the peaks of Es11 and ES22 was detected.
This feature is ascribed to the cross-polarization and
depolarization suppressed absorption,320 which is consistent
with the calculation results presented in Figure 56c. Figure 56f
displays the polarized PL from stretch-aligned SWNTs
dispersed in gelatin ﬁlm.326 A series of emission peaks assigned
to speciﬁc (n, m) SWNTs resonant with the excitation
wavelength were observed. More importantly, the PL intensity
with the polarizer parallel to the SWNT axis is much stronger
than the perpendicular conﬁguration. The works not only
demonstrate the practicability of anisotropic spectra for
evaluating SWNT alignment but also indicate that SWNTs
can be used as polarization-dependent nanoscopic detectors.
4.2.2. Optical Microscopy. The optical microscope, which
is the ﬁrst type of microscope, commonly uses visible light
through a system of lenses to magnify the images. The

their large length-to-diameter ratio, which leads to signiﬁcantly
diﬀering polarizabilities when applying external ﬁelds parallel
and perpendicular to the SWNT axis. In 1994, Ajiki and Ando
calculated the Aharonov−Bohm eﬀect on the electronic state
of carbon nanotubes,320 which is reﬂected by the optical
absorption spectra. According to their calculations, the
absorption for light polarization parallel to the SWNT axis is
much larger than for perpendicular polarization, the absorption
of which is suppressed by a large depolarization eﬀect.
Consequently, when the polarization of the incident radiation
is perpendicular to the SWNT axis, a strongly reduced Raman
signal and optical absorption of the SWNTs are anticipated.
Polarized Raman spectroscopy was performed on spatially
separated SWNTs in 2000.321 By inserting a half-wave
retardation plate before the microscopy objective, the polarization of incoming and scattered light could be tuned. Figure
56a,b displays the Raman intensity of G mode and RBM,
respectively, as a function of the angle (αi) between the SWNT
axis and the incident laser beam with parallel polarization. Both
the modes showed a maximum intensity at αi = 0° and 180°,
i.e., the incident radiation is parallel to the SWNT axis. While
near 90°, when the polarization of the incident radiation is
perpendicular to the SWNT axis, hardly any signal was
detected. The same result was observed for the cross-polarized
Raman spectra, the angular dependence of which can be
described by I (αi) ∝ cos2(αi). Similarly, polarization
dependence of the optical absorption of SWNTs was also
investigated.322 Using magnetically aligned SWNTs in gel as
the research objective, Islam et al. determined an optical
absorption cross section ratio of ∼5 for light polarized parallel
(σ∥) and perpendicular (σ⊥) to the SWNT axis.323 Figure 56c
depicts the calculated cross section for σ∥ and σ⊥, and
maximum parallel adsorption cross section occurs at energies
Enn. In contrast, such diagonal transitions are not allowed for
perpendicular polarization and the absorption peaks at E12.
The depolarization eﬀect in a perpendicular electric ﬁeld was
BG
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Figure 57. Visualizing SWNT arrays by optical microscopy. (a) Optical image of horizontally aligned nanocrystalline carbon coated SWNTs.
Reproduced with permission from ref 327. Copyright 2008 Elsevier Inc. (b) Optical image of Au nanoparticle decorated SWNT arrays.
Reproduced with permission from ref 329. Copyright 2010 Elsevier Inc. (c) Bright-ﬁeld mode and (d) dark-ﬁeld mode of SWNTs decorated by
TiO2 nanoparticles. Reproduced with permission from ref 330. Copyright 2013 Springer Nature. (e) Schematic illustration of SWNT enhanced HF
etching of SiO2. (f) Optical image of two trenches formed by HF etching of SiO2. Reproduced with permission from ref 333. Copyright 2014
American Chemical Society. (g) Schematic diagram of the experimental setup for vapor-condensation-assisted visualization of SWNT arrays. (h and
i) Optical images of ultralong SWNTs with diﬀerent magniﬁcations. Reproduced with permission from ref 335. Copyright 2014 American
Chemical Society.

ductivity can be decorated with Au nanoparticles and
visualized. Systematic studies revealed that both the size and
density of the Au nanoparticles decorated onto the SWNT
surfaces could be tuned. More importantly, the origin of the
optical microscope visibility was ascribed to the coupled
surface plasmon resonance absorption of the adjacent Au
nanoparticles. This method can be extended to visualize
aligned SWNTs on various substrates and oﬀers signiﬁcant
convenience for characterizing and manipulating individual
SWNTs.329
Because all the above strategies involve a liquid process, they
are unsuitable for visualizing suspended SWNTs. To ﬁll this
gap, Zhang et al. designed an eﬃcient method to visualize
suspended SWNTs by depositing TiO2 nanoparticles in a
vapor phase of TiCl4.330 When TiCl4 vapor reaches the
suspended SWNTs, tiny TiO2 nanoparticles nucleate and grow
larger with continued deposition. The diameter and density of
the formed TiO2 nanoparticles are sensitive to the contact time
with the SWNTs and the air humidity. The suspended SWNTs
decorated with TiO2 nanoparticles are visible under an optical
microscope (Figure 57c,d) because the diameters of most TiO2
nanoparticles are comparable with the light wavelength, giving
the TiO2 nanoparticles a strong Mie-scattering ability.331
Besides TiO2, other volatile nanoparticles, including sulfur,
urea, ferrocene, and paraﬃn wax, are also applicable to assist
optical visualization of individual SWNTs.332 This approach is
nondestructive and applicable to both supported and
suspended SWNTs. A low-cost and controllable technique,
such as this, could facilitate both fundamental investigations
and industrial applications of SWNTs.
Although some decorated nanoparticles could be washed by
acid treatment, the deposited material or the particle removal
process inevitably alters the intrinsic chemical and electrical
properties of the SWNTs. In addition, the deposited materials

resolution of an optical microscope is determined by the ratio
between the wavelength of light and the numerical aperture.
Shorter wavelengths yield higher resolution and vice versa.
However, even with an imaging wavelength as short as 360 nm,
the best resolution achieved by an optical microscope is
approximately 200 nm, which would make “seeing” SWNTs
diﬃcult. To make the SWNTs optically observable under a
regular optical microscope, Chang et al. proposed coating the
horizontally oriented SWNTs with nanocrystalline carbon
shells with a thickness 100−1500 nm.327 Figure 57a presents
an optical image of the SWNTs coated with nanocrystalline
carbon, the lengths of which can be easily estimated. However,
the outer nanocrystalline carbon shell on SWNTs suppresses
the characteristic vibrations of SWNTs, hindering subsequent
SWNT characterizations by techniques such as Raman
spectroscopy. Alternatively, Huang et al. proposed electrodeposition of Ag nanoparticles onto long oriented SWNT
arrays.328 After patterning a conductive electrode on the wafer,
Ag electrodeposition was performed in an aqueous solution of
AgNO3 and KNO3. Using this approach, Ag nanoparticles are
deposited onto most of the SWNTs that touch the electrode,
making the SWNTs visible under optical microscopy. Therefore, it is possible to investigate the detailed structures of the
isolated SWNTs using Raman spectroscopy due to the
enhancement eﬀect of the Ag nanoparticles. This work
provides an eﬃcient and facile method for identifying the
structures of ultralong SWNTs.328 However, SWNTs with
poor conductivity are free of Ag deposition and the origin of
the optical microscope visibility of the individual SWNTs was
not clariﬁed. Chu et al. later decorated SWNTs with Au
nanoparticles using a seeded electroless deposition process for
visualizing SWNTs optically (Figure 57b).329 This electroless
method does not require electrode deposition and exhibits no
decoration selectivity, and even SWNTs with poor conBH
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Figure 58. Optical imaging for determining SWNT density and electronic type. (a) Schematic concept of reﬂection optical imaging for horizontal
SWNT arrays. (b) Schematic conﬁguration of polarization microscopy for enhancing SWNT contrast. (c) Optical image of SWNTs acquired at
diﬀerent θ angles. (d) Optical image of SWNTs grown on sapphire with a density of 20 tubes/μm. (e) The comparison of SWNT densities
determined by optical imaging, SEM, and AFM. (f) SEM, Raman and optical imaging of a heterotube. Reproduced with permission from ref 336.
Copyright 2016 John Wiley and Sons.

condensation nuclei along the SWNTs than on the other parts
of the substrate, the microdroplets essentially outline the
SWNTs. This technique is very sensitive to surface functional
groups and can provide good contrast for the image. Although
the resolution of the vapor-condensation-assisted imaging
approach is limited by the resolution of the optical microscope,
it does not introduce any impurities to the SWNTs and is
rather competitive in terms of simplicity, low cost, and
eﬃciency.
In order to gain more statistical structural information for
horizontal SWNTs, Deng et al. developed an optical imaging
method with a submillimeter view ﬁeld and subsecond
characterization time.336 Figure 58a illustrates the concept of
reﬂection optical contrast for SWNT arrays on a transparent
substrate. The optical reﬂection contrast (ΔR/R) is related to
the absorption by the following formula337

might be incompatible with certain chemical environments,
limiting the utility of the particle decorating method. In 2014,
Novak et al. reported a label-free technique to visualize
individual SWNTs using a conventional optical microscope,333
the process of which is illustrated in Figure 57e. Ultralong
SWNTs grown on the SiO2−Si substrate are exposed to
hydroﬂuoric (HF) vapor for 30−70 min. After etching,
trenches with depth ranging from several to several tens of
nanometers are fabricated on the wafer surface. The shape of
the trenches resembles those of the ultralong SWNTs, because
SWNTs promote the absorption of H2O, which enhances the
etching the SiO2 locally. Figure 57f shows the visible trenches
under a conventional optical microscope and the locations of
the associated SWNTs are well determined. The visibility of
the trench is due to a change in the optical interference in the
SiO2 layer, which is sensitive to the thickness.334 This method
demonstrates the distinct advantage of not decorating foreign
materials on the SWNT surface, therefore, rendering it suitable
for studying the SWNT properties, and fabricating SWNTbased devices. Nevertheless, HF acid is highly poisonous and
corrosive, which hinders the wide application of this technique.
To develop a safer and environment-friendly method for
optically visualizing SWNT arrays, vapor-condensation-assisted
optical microscopy was proposed.335 Figure 57g shows an
illustration of the vapor-condensation-assisted optical visualization technique. The setup includes a H2O vapor blower and
a dark-ﬁeld optical microscope. After blowing warm H2O vapor
to the sample, all the SWNTs on the substrate can be clearly
observed through an optical microscope (Figure 57h).
Compared with an SEM image, it is evidenced that the optical
image shows the exact location and morphology of the
SWNTs. Images acquired with a higher magniﬁcation objective
(Figure 57i) reveal that SWNT outlines are not continuous
and are composed of a series of bright dots, indicating that the
optical images are made up of H2O droplets attached to
SWNTs. Once meeting the substrate, the warm H2O vapor
condenses on the condensation nuclei and forms microdroplets. Under a dark-ﬁeld optical microscope with
illuminating light, the H2O microdroplets act as scattering
centers and appear as bright dots. Because there are more
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≈
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where ENT and Er represent the SWNT-scattered and
substrate-reﬂected electric ﬁelds at the detector, respectively;
ns denotes the refractive index of the substrate; and A is the
optical absorption of the SWNTs. The (ENT/Er)2 term is
neglected because it is much smaller than the (ENT/Er) term.
In order to enhance the optical contrast of SWNT arrays, the
researchers proposed to utilize the depolarization eﬀect in
anisotropic SWNTs.338 Figure 58b depicts the conﬁguration of
polarization microscopy, where two vertically crossed polarizers are inserted in the pathways of the ingoing (P1) and
outgoing (P2) light. The SWNT arrays are placed at 45° with
respect to P1. With this conﬁguration, the ENT term decreases
to (E NT / 2 ), while the Er term is dramatically suppressed (Er
sin θ). Subsequently, the optical contrast can be enhanced by
(1/ 2 sin θ ). Figure 58c shows the optical images of the
SWNT array taken at diﬀerent θ angles. Without polarization
manipulation, the optical contrast is less than 1.0% and the
SWNTs are indistinct. Decreasing |θ| to 2° increases the
contrast greater than 6.0% and well-resolved SWNTs appear.
BI
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Figure 59. Characterizations of metallic and semiconducting SWNTs by SEM. (a−d) SEM images of SWNTs at diﬀerent voltage conditions. (e)
Illustration of the origin of contrast diﬀerence between metallic and semiconducting SWNTs. (f) SEM image of horizontally aligned SWNT arrays
on quartz substrate. Reproduced with permission from ref 341. Copyright 2012 American Chemical Society. (g) SEM image of the as-fabricated Ti
electrodes connected to SWNTs. (h) Height proﬁle of four SWNTs with diﬀerent bright segment lengths. (i) Schematic band diagram depicting
the Schottky barrier, the depletion region for one SWNT and the space charge distribution along the SWNT. (j) Bandgap distribution of SWNTs
synthesized in a typical run. Reproduced with permission from ref 342. Copyright 2013 American Chemical Society.

optimize the imaging conditions. Increasing accelerating
voltage increases the resolution while decreasing the surface
sensitivity. As the diameters of SWNTs are usually smaller than
a few nanometers, a high surface sensitivity is required for the
best SEM contrast conditions; therefore, a relatively low
accelerating voltage is generally applied for imaging SWNT
arrays lying on the surface. SWNTs on an insulated surface can
be clearly imaged with bright contrast,128,152 even though the
SWNT diameter is much smaller than the SEM resolution.
Unfortunately, SEM cannot directly measure the diameter of
carbon nanotubes, discriminate whether a nanotube is singleor multiwalled, or determine the chirality structure.
A new function to conventional SEM was added to identify
metallic and semiconducting SWNTs from their diﬀerent
contrasts.341 Figure 59a shows an SEM image of SWNTs
grown on quartz substrate with a low accelerating voltage of 1
kV, and positions of all SWNTs are illustrated. Two electrodes
were deposited onto the ends of the SWNTs before loading
the sample onto the SEM stage. Without applying voltage,
SWNTs demonstrated apparent contrast diﬀerences (Figure
59b) and the SWNTs indicated by “S” in the ﬁgure were much
darker than the other SWNTs. When a voltage of 15 V was
applied between the two electrodes, the upper electrode
became darker because the secondary electron emission was
hindered by the high voltage (Figure 59c). The SWNTs
connected with the upper electrode, indicated with “T” in the
ﬁgure, also became darker, suggesting that they have the same
potential as the upper electrode and possess good conductivity,
i.e., they are probably metallic. However, the S1 SWNT
connected to the upper electrode did not become as dark as
the “T” SWNTs, indicating that the S1 SWNT could be
semiconducting and possess poor conductivity. When
inversing the potential diﬀerence between the two electrodes,
a striking color contrast was observed for the SWNTs marked
with “B” and “T,” but the SWNTs marked by “S” do not
exhibit the same contrast change (Figure 59d). Based on the

SWNT density can be deduced from the integral absorption
A
of the SWNTs by l = (πd ̅s σ ) , where l, d̅, s0, and σ are SWNT
0

density, mean diameter, areal in-plane atom density, and the
absorption cross-section per atom, respectively. Because the
synthesized SWNTs have an average diameter of 1.4 nm and
the other parameters either are constant or have been
previously determined,339 the SWNT density can be obtained
directly from the optical absorption A. For example, the optical
image shown in Figure 58d gives an SWNT density of 20
tubes/μm. Overall, the SWNT density determined by optical
imaging is consistent with that measured by either AFM or
SEM (Figure 58e). In particular, the optical absorption
method is applicable for characterizing SWNT arrays on
diﬀerent substrates with high SWNT densities. Moreover,
based on the transition energy diﬀerences between semiconducting and metallic SWNTs with similar diameters, it is
possible to distinguish metallic from semiconducting SWNTs.
Figure 58f shows the SEM, Raman mapping, and optical image
of a “U” hetero-SWNT array. Clearly, the semiconducting
SWNTs on the left exhibit diﬀerent colors than the metallic
SWNTs on the right; therefore, this optical imaging method
could also estimate the relative ratio of metallic to semiconducting SWNTs in aligned SWNT arrays. This highthroughput method could be useful in applications requiring
fast characterizations on nanomaterials.
4.2.3. Scanning Electron Microscopy. SEM is the most
widely used technique for characterizing horizontally aligned
SWNTs because the SWNT arrays can be directly characterized in terms of length, density, and degree of alignment
with minimal sample preparation340 and because SEM
provides accurate measurements for large areas of the sample
in a fast manner. Typically, SEM images are acquired by
detecting the intensity of secondary electrons emitted
extremely close to the specimen surface. Equilibrium between
the resolution and surface sensitivity should be reached to
BJ
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Figure 60. Rayleigh scattering of SWNTs. (a) SEM image of suspended SWNTs crossing over the Si substrate and (b) their Rayleigh scattering
image. Rayleigh scattering spectrum of (c) a semiconducting SWNT and (d) a metallic SWNT. Reproduced with permission from ref 343.
Copyright 2004 American Association for the Advancement of Science. (e) Schematic of a Rayleigh imaging microscope. (f) A true-color image of
horizontally aligned SWNTs. (g) Rayleigh spectra of an individual SWNT during the charge process. Reproduced with permission from ref 345.
Copyright 2015 Springer Nature.

potential distribution should be formed between the isolated
SWNT and the insulator surface. Although there are still many
challenges in identifying the properties of an individual SWNT
and distinguishing SWNTs that are tangled together, this
technology demonstrates great potential in identifying metallic
and semiconducting SWNTs in an easy, fast, and accurate
manner.
Furthermore, Jiang’s group proposed evaluating the bandgap
distribution of SWNTs via SEM imaging of the Schottky
barrier.342 Prior to SEM characterizations, metal electrodes
were patterned onto aligned SWNTs on a SiO2−Si substrate to
fabricate a clean metal−SWNT contact. Figure 59g shows a
low voltage (1 kV) SEM image of the SWNTs connected to
the Ti electrodes. In agreement with a previous report,341
semiconducting and metallic SWNTs appear dark and bright,
respectively; however, for semiconducting SWNTs, there are
always distinct bright segments at the metal−SWNT contact
and the lengths of the bright segments are diﬀerent for
diﬀerent SWNTs. Generally, the darker SWNTs exhibit shorter
bright segments. AFM characterizations were performed to
analyze the diameters of the diﬀerent SWNTs in Figure 59h.
Except for the metallic SWNT, the length of the bright
segment increases with the SWNT diameter, which is inversely
proportional to the semiconducting SWNT bandgap. The
length of bright segment is correlated with the Schottky barrier
formed at the metal−SWNT interface, as depicted in Figure
59i. It was noted that the as-grown SWNTs are p-doped due to
the oxygen adsorption. Before metal−SWNT contact fabrication, the work function of the metal is smaller than the
SWNT Fermi level. The Fermi level diﬀerence on both contact
sides will drive electrons to ﬂow into the SWNT until their
Fermi levels are equal, which leads to the formation of a charge
depletion region where negative space charges are distributed
uniformly. This charge depletion region is related to the bright
segment of the semiconducting SWNTs observed in the SEM
image. By establishing the linear relationship between the
length of the bright segment and the diameter of the

experimental phenomena, it is conjectured that SWNTs
marked with “S” have poor conductivity and are semiconducting, and the other SWNTs, all of which have good
conductivity, are metallic. Such assumptions were veriﬁed by
conductivity measurements using peak force tunneling AFM
and transfer characteristics measurements. The contrast
diﬀerence in the SEM image originates from the diﬀerence
in the sample surface potential. When irradiated by an electron
beam with 1 keV of energy, the insulated quartz surface is
always positively charged because the surface emits more
secondary than primary electrons that penetrated it. Because of
the good conductivity of metallic SWNTs, their potential will
be the same as the electronically connected electrode, which is
outside the irradiated area, therefore, establishing a potential
gradient between the SWNT and the charging surface.
Depending on the potential diﬀerence and the surface
conductivity of the insulated substrate, the electrons on the
SWNT will spread into the surrounding surface, rebuilding the
potential distribution and ultimately the voltage contrast image
is made up (Figure 59e). Diﬀerent from metallic SWNTs, all
the as-grown semiconducting SWNTs are p-type and are in an
oﬀ-state without the gate voltage. As a result, they possess poor
conductivity and show almost the same positive potential as
the insulator surface. It should be noted that even though the
SWNTs are not connected with the metal electrodes, they can
be distinguished from the substrate. The diﬀerences in height,
curvature, and secondary electron emission coeﬃcient could be
responsible for the contrast. Figure 59f shows highmagniﬁcation SEM images of SWNTs without connecting
with electrodes. The contrast diﬀerences are clearly discerned
because the detected SWNTs are connected with SWNTs
outside the irradiation area, which serve as metal electrodes.
To distinguish metallic and semiconducting SWNTs, the
following preconditions should be satisﬁed: (1) SWNTs
should be connected with the electron reservoir, which is
outside the irradiated region. (2) The SWNTs being compared
should appear in the same SEM image. (3) A suitable surface
BK
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Figure 61. Carbon nanotube interconnects. (a) AFM image of an individual carbon nanotube connected by two tungsten leads. (b) Resistance
stability of the carbon nanotube. Reproduced with permission from ref 351. Copyright 2001 American Institute of Physics. (c) Temperature
dependent conductance of an individual SWNT as a function of bias voltage. Reproduced with permission from ref 353. Copyright 1997 Springer
Nature. (d) Illustration of a monolayer SWNT interconnect. (e) Schematic of the template-based ﬂuidic assembly of horizontally aligned SWNTs
with a high density. (f) SEM image of the assembled SWNT architecture with two contact pads. (g) Resistance of the SWNT interconnects with
diﬀerent channel widths before and after Pt decoration. Reproduced with permission from ref 357. Copyright 2009 American Chemical Society. (h)
Variation of conductivity with temperature for SWNT−Cu and Cu. Reproduced with permission from ref 360. Copyright 2013 Springer Nature.

representative Rayleigh scattering spectrum containing two
well-deﬁned peaks that reﬂect the optical transitions of the
investigated SWNT. The two separated peaks were assigned to
the E33 and E44 transitions of an individual semiconducting
SWNT with determined energies of 1.92 and 2.10 eV,
respectively. Taking into account the SWNT diameter
estimated from the Raman spectroscopy, an SWNT chiral
index of (21, 4) was assigned. Diﬀerent from semiconducting
SWNTs, metallic SWNTs only exhibit one broad peak in its
scattering spectrum (Figure 60d), which corresponds to the
E22 transition of the SWNT. The broader line width is possibly
attributed to lifetime broadening or unsolved splitting
associated with the trigonal warping eﬀect. Consequently,
this approach allows identiﬁcation of excitation states in both
semiconducting and metallic SWNTs.343 Combined with ED,
Rayleigh scattering spectroscopy facilitates the investigation of
transition energies of semiconducting SWNTs as a function of
their chirality. Energy splitting of optical transitions was also
observed in chiral metallic SWNTs by Rayleigh scattering
spectroscopy.344
Because of the small cross section of the SWNT, Rayleigh
scattering of the SWNT is usually weak. By increasing the
intensity of the incident light, Rayleigh scattering of suspended
SWNTs can be enhanced, thereby achieving Rayleigh
scattering imaging or spectroscopy.343 However, an incident
light with too high an intensity could burn SWNTs in air. In
addition, this method does not work for SWNTs lying on the
substrate because the Rayleigh scattering of the substrate is

semiconducting SWNT, the bandgap distribution of as-grown
SWNTs is thus readily evaluated (Figure 59j). Although this
approach cannot handle the absolute value of the bandgap, it
will play a critical role toward implementing narrow bandgapdistribution SWNT integrated circuits. This approach is also
expected to be applicable for studying the bandgap of other
semiconducting nanomaterials, therefore, adding another
function to conventional SEM.342
4.2.4. Rayleigh Scattering. Rayleigh scattering is a
generalized optical characterization technique that permits
noninvasive measurement of an individual SWNT. When the
photo energy matches that of the SWNT electronic transition,
the ubiquitous process of elastic light scattering provides
information about the SWNT through the scattering resonant
enhancement. Rayleigh scattering is intrinsically stronger than
inelastic Raman scattering is, and it oﬀers suﬃcient versatility
to probe spatially localized regions along an SWNT. When
implemented with a bright white light source, Rayleigh
scattering spectra from individual SWNTs can be obtained
due to the large length to diameter ratio of the SWNTs. To
minimize the perturbation of the substrate and increase the
signal-to-noise ratio, suspended SWNTs were initially applied
to investigate the Rayleigh scattering spectra.343 Figure 60a
shows an SEM image of suspended SWNTs, and their
corresponding Rayleigh scattering images on a CCD camera
are presented in Figure 60b. All the suspended SWNTs,
metallic, semiconducting, isolated, and bundled, result in
observable scattered radiation. Figure 60c presents a
BL
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mechanical strength, high thermal conductivity, and large
current carrying capacity, carbon nanotubes have been
proposed as a possible interconnect material for future
technology and a replacement for copper interconnects.349,350
In 2001, Wei et al. investigated the current transport through
an individual carbon nanotube.351 Figure 61a presents a typical
AFM image of a carbon nanotube connected with two W leads
with a spacing of approximately 2.5 μm. The stability of the
time-resolved resistance of the two carbon nanotubes,
measured with the two and four probe methods, is shown in
Figure 61b. Both carbon nanotubes could withstand a high
current density greater than 109 A/cm2 at a temperature of 250
°C in air. In comparison, the maximum current density of Cu is
in the order of 106 A/cm2. There were no observable defects
during the measurement, which lasted approximately 334 h,
suggesting that carbon nanotubes have very high electromigration resistance and could potentially be utilized for as
material for interconnects.
SWNT electric resistance is limited by an intrinsic quantum
resistance.352 Electrical transport measurements on individual
SWNTs were ﬁrst reported by Tans et al.353 By connecting an
SWNT with two Pt electrodes, the SWNT conductance was
systematically investigated at various gate voltages. Figure 61c
presents the measurements of a single conductance peak at a
bias voltage Vbias = 10 μV. With increasing temperature, the
height of the conductance peak decreases signiﬁcantly. This is
a signature of resonant tunneling through a discrete electron
level aligned with the Fermi energy of the electrodes. Steplike
structures were observed when the conductance peaks were
measured at higher bias voltages, which is attributed to
contributions from the additional levels. The results indicate
that SWNTs can act as quantum wires. Using low-resistance
electrical contacts, the intrinsic high-ﬁeld transport properties
of metallic SWNTs were measured.21 Although an individual
SWNT can carry currents with a density exceeding 109 A/cm2,
the resistance of the SWNT interconnect is still high due to the
presence of imperfect SWNT−metal contact354 and phonon
scattering if the length is longer than the mean free path of the
electron355 Therefore, to form a low-resistance interconnect,
parallel high-density SWNT arrays, as schematically illustrated
in Figure 61d, are required. For local interconnects, both ends
of the monolayer SWNTs can be partially buried in metallic
electrodes, which greatly suppresses the contact resistance. It is
reported that monolayer SWNT interconnects can oﬀer a 50%
reduction in capacity and 20% improvement in signal delay
compared with Cu interconnects at the 22 nm technology
node.356
Generally, the density of horizontally aligned SWNTs
directly grown on a ﬂat surface is not high enough for
interconnection applications. More importantly, the generated
SWNTs are comprised of a mixture of metallic and
semiconducting SWNTs; therefore, to fabricate parallel
architectures comprised of all metallic SWNTs, postgrowth
assembly techniques are usually adopted. For example, using a
template-based ﬂuidic assembly process, Kim et al. presented
the fabrication and characterization of electrical interconnect
structures constructed from horizontally aligned SWNTs.357
Figure 61e illustrates the process for fabricating the superaligned SWNT interconnect structures. First, a SiO2 surface
was subjected to plasma treatment to enhance its hydrophilicity. Second, nanoscale channels were built by making
patterns on a PMMA photoresist. Next, SWNT solution was
dip-coated on the substrate, patterning the formation of

simultaneously enhanced, which does not allow for the SWNT
imaging contrast to be improved. In 2015, Wu et al. proposed
the immersion of SWNTs in H2O to enhance the SWNT
Rayleigh scattering by the interface dipole enhancement
eﬀect,345 therefore, enabling colorful SWNTs to be directly
imaged under an optical microscope using wide ﬁeld
supercontinuum laser illumination. Figure 60e illustrates the
experiment setup of a Rayleigh imaging microscope for realtime SWNT imaging. An edge ﬁlter was inserted between the
objective and the output terminal to ﬁlter out the IR light,
minimizing the heat eﬀect, and quartz plasma was applied to
couple the laser and illuminate the sample. Figure 60f shows a
true-color image acquired by the Rayleigh scattering microscope of horizontally aligned SWNTs on a Si substrate. The
image clearly displays the position, length, density, and
morphology of the aligned SWNTs. It should be noted that
only SWNTs perpendicular to the incident plane could be
observed, which suggests the polarization eﬀect of Rayleigh
scattering. The observed SWNTs are colorful because of their
diverse chiral indices. By integrating the setup with a
spectrometer, Rayleigh imaging assisted spectroscopy is readily
achieved, which proves true-color imaging and high-throughput chirality assignment of SWNTs. In addition, the interface
dipole enhancement eﬀect for enhancing the Rayleigh
scattering was systematically investigated.346 Upon illumination, the interfacial layer serves as an optical dipole lattice,
which constitutes an instantaneous near ﬁeld, enhancing the
local ﬁeld on SWNTs and in turn enhances Rayleigh scattering.
A larger ﬁeld enhancement is predicated with a smaller
SWNT−interfacial layer distance or a larger dielectric constant
ratio between the interfacial layer and the surrounding
medium, which can be realized by injecting electrons into
SWNTs. Experimentally, electrodes were patterned onto the
target SWNT and a negative voltage was applied to the
electrodes. Figure 60g shows the Rayleigh spectrum of a
charged SWNT. The Rayleigh scattering is gradually enhanced
as time goes on, supporting the interface dipole enhancement
eﬀect theory. Although real-time true color imaging of SWNTs
is successfully achieved by Rayleigh imaging spectroscopy, its
resolution is limited by optical diﬀraction. Further eﬀorts
should be focused on developing Rayleigh spectroscopy with
enhanced resolution, which is required for research in the ﬁeld
of nanomaterials.

5. APPLICATIONS OF HORIZONTALLY ALIGNED
SWNT ARRAYS
Owing to signiﬁcant progress in the fabrication and characterization of HASAs, many prototypes have been demonstrated
for their application, which may lead to practical applications.
This section discusses the proposed applications of HASAs
based on their extraordinary properties and well-organized
conﬁgurations.
5.1. SWNT Interconnects

Microelectronic devices have been continuously reduced in
dimension to improve the performance of circuits and increase
the number of transistors on a chip. Owing to surface and grain
boundary scattering mechanisms, traditional Cu wire interconnects with lateral dimensions smaller than their electron
mean free path experience increased resistance347 and short
electromigration failure times,348 which will inevitably cause
the performance degradation of the integrated circuit. Because
of their large electron mean free path, extraordinary
BM
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Figure 62. SWNT FETs. (a) AFM image and schematic side view of an SWNT FET. (b) I−Vbias curves for various values of the gate voltage.
Reproduced with permission from ref 171. Copyright 1998 Springer Nature. (c) Conductance G versus Vgs for a 300 nm-long SWNT section at
diﬀerent temperatures. Reproduced with permission from ref 365. Copyright 2003 Springer Nature. (d) Low bias (0.1 V) conductance plots against
gate voltage at diﬀerent temperatures. Reproduced with permission from ref 372. Copyright 2007 American Chemical Society. (e) Schematic of
SWNT CMOS devices with a pair of p- and n-FETs. Reproduced with permission from ref 375. Copyright 2009 American Chemical Society. (f)
Transfer characteristics of a CMOS FET with a 10 nm-long gate. (g) Transfer characteristics of three SWNT FETs with a gate length of 5 nm using
graphene as drain/source electrodes. Reproduced with permission from ref 376. Copyright 2017 American Association for the Advancement of
Science.

were achieved by applying a shear force between two glass
slides, which changed the direction of the SWNT forest. After
preﬁlling the SWNT matrix with Cu electrolytes, electrodeposition and reductive annealing were carried out to prepare
the SWN−Cu composites. The room temperature conductivity
of the SWNT−Cu composite solid was 4.7 × 105 S cm−1,
which is comparable to that of Cu (Figure 61h). The
temperature coeﬃcient of resistivity for the SWNT−Cu
composite is 1 order of magnitude lower than that of Cu,
which highlights its advantages and is promising for heavy load
applications usually operated at a high temperature. More
importantly, the researchers found that the SWNT−Cu
composite exhibited an ampacity 100 times higher than
Cu.361 This high ampacity was explained by the increased
Cu diﬀusion activation as the SWNTs suppress the primary
failure pathways in Cu.360 The high conductivity and ampacity
make it uniquely suitable for applications in microscale
electronics and inverters. Despite this progress, the resistivity
of SWNT based interconnects is still slightly higher than that
of Cu interconnects at the 22 nm technology node (Figure
61h). Besides high resistivity, imperfect SWNT quality and
uncontrollable SWNT structure severely restrict the application of SWNT interconnects in actual circuits. Therefore,
further technological innovations and material preparation are
required to improve the SWNT interconnect conductivity.

densely aligned SWNTs. After removing the PMMA, a wellorganized, aligned SWNT lateral structure network forms.
Figure 61f shows an SEM image of SWNTs attached on top
with two contact pads of Ti−Au. The formed structures are
capable of withstanding current densities of ∼107 A/cm−2,
which is comparable with similarly dimensioned Cu. The
resistances of the SWNT channels are sensitive to the channel
width, where narrowing the channel width increases its
resistance. This is due to the reduced number of metallic
conduction paths between the two contacts in the narrower
channels. To improve the channel conductance, the authors
proposed to decorate the SWNT surfaces with Pt nanoparticles. Ab initio DFT calculations indicates that Pt cluster
decoration could convert semiconducting in metallic SWNTs,
thus increasing the conduction channels and improving the
SWNT conductivity. As shown in Figure 61g, the resistance of
SWNT interconnects decreases signiﬁcantly after Pt decoration. This process is simple to implement and is CMOScompatible, which represents signiﬁcant progress toward
integrating SWNTs into microelectronic platforms for future
gigascale interconnects.
However, the resistance of channels with narrow widths is
still relatively high, which is mainly caused by the contact
resistance between carbon nanotubes and electrodes, originating from the decay of electron wave functions across the vdW
spacing between the carbon nanotube and metal. Various
eﬀorts have been attempted in order to lower the contact
resistance eﬀectively. For example, Santini et al. proposed to
replace the carbon nanotube−metal contacts with tube−tube
contacts.358 Chiodarelli et al. fabricated symmetrical contacts
in the carbon nanotube tips with a metallization process.359
Alternatively, Subramaniam et al. utilized SWNT−Cu
composites to create new conductors.360 Horizontal SWNTs

5.2. SWNT Field Eﬀect Transistors

Since the late 20th century, the driving force for technological
advances has been reducing the size of electronic devices. Si
FETs, already near their scaling limit, are currently being
produced at the 14 nm node. The excellent electrical
properties of SWNTs make them the most suitable candidate
for creating smaller scale FETs. A prototype of a FET
BN
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used as the contacts to fabricate top-gated FETs with a short
channel. Figure 62d depicts a low bias (0.1 V) conductance as
a function of gate voltage (Vgs) for a 2.0 nm SWNT with a
length of 300 nm. The FET exhibits an on-state at a large Vgs
value and a near ballistic on-state conductance at 250 K. With
decreasing temperature, the on-state conductance increases
and reaches 0.62 G0 at 4.3 K. This metalliclike temperature
dependent behavior is a result of reduced phonon scattering at
low temperatures. Sc forms an ohmic contact with the
conduction band of the SWNT and electron injection from
the Sc electrode in the n-channel of the SWNT is, therefore,
eﬀectively barrier free. Further studies also suggest that the
mean free path of electrons in SWNTs is a few hundred
nanometers.373 Therefore, carriers can go through an SWNT
channel shorter than 100 nm without being scattered, resulting
in FETs operating much faster than classic transistors.
Similarly, Y was also applied as an SWNT contact for
fabricating n-type FETs.374
Based on previous studies, SWNT-based CMOS devices
were readily generated. In 2009, Zhang et al. fabricated almost
perfectly symmetric SWNT-based CMOS devices,375 as
illustrated in Figure 62e. The self-aligned top-gate structure
was applied to fabricate both p- and n-type FETs by choosing
proper contact metals to control the injection of the carriers
into the SWNT channel. Owing to the intrinsic symmetry in
the SWNT band structures, n- and p-type FETs are almost
symmetric regarding dc performance and dynamic operation
via gate delay. The two adjacent FETs also demonstrate high
mobility simultaneously. The performance of these CMOS
FETs is enhanced by scaling down the gate length. In 2017,
Qiu et al. reported the fabrication of high-performance CMOS
FETs with gate lengths smaller than 10 nm.376 Figure 62f
shows the transfer characteristics for a pair of 10 nm CMOS
FETs fabricated on the same semiconducting SWNTs. Besides
the nearly symmetric performances exhibited by n- and p-type
FETs, a subthreshold slope (SS) of 70 mV/decade was
obtained, which is smaller than that for commercial Si CMOS
devices (80 mV/decade). Because of the perfect ohmic
contacts, the on-state currents (Ids) are 20 and 17.5 μA for
the n- and p-type FETs, respectively, at a bias (Vds) of 0.4 V.
Overall, the 10 nm CMOS FETs exhibit a higher on-state
current than that of a Si CMOS FET, even at a low supplied
voltage. However, the relatively large oﬀ-state current hinders
the practical applications of SWNT FETs. In addition, due to
the direct tunneling between the source and drain electrodes,377 further scaling the SWNT FETs down to 5 nm causes a
degraded SS ranging from 105 to 130 mV/decade. To
maintain the electrostatic gate control and achieve superior
subthreshold swings for the scaled channels, graphene was
adopted as the source/drain electrode using a back-gate
geometry, which improves the gate eﬃciency even when the
channel length is scaled down to 5 nm (Figure 62g). Under
these conditions, the back-gate strongly modulates the contact
properties, resulting in a subthreshold swing of 73 mV/decade.
Meanwhile, the weak electrostatic screening of graphene
enhances the gate controllability on the SWNT channel, thus
reducing the short-channel eﬀect.376 By further combining
SWNTs and graphene, Qiu et al. developed a new Dirac, or
cold electron source FET,378 which aﬀords signiﬁcantly
reduced oﬀ-state leakage and a subthreshold swing smaller
than 60 mV/decade at room temperature. Compared with
state-of-the-art Si 14-nanometer node FETs, these Dirac

fabricated from one individual SWNT was demonstrated as
early as 1998.171,362 In this process, an individual SWNT was
placed on top of two electrodes with the underlying SiO2−Si
substrate acting as a back gate and the role of the channel was
played by the semiconducting SWNT (Figure 62a).171 I−Vbias
curves at room temperature for the device are displayed in
Figure 62b. A small nonlinearity appears at Vgate = 0. Increasing
Vgate to a positive value develops a pronounced gaplike
nonlinearity, and the curves exhibit a power-law behavior. The
I−Vbias curves become linear when the Vgate becomes negative.
The nonlinearity and the asymmetric conductance dependence
on the gate voltage polarity indicate that the SWNT is
semiconducting. Although the SWNT FET shows remarkable
current switching characteristics, the FET speed is not high
because of the low on-state current, a key determinant of the
device performance. This is due to the presence of a large
Schottky barrier at the SWNT−metal junctions, which severely
reduces the current delivery capability363 and limits the
conductance of FETs (GON) to well below the 4e2/h
limit.364 To reduce or eliminate the Schottky barrier, Javey
et al. deposited Pd metal with a high work function on top of
the SWNT.365 Figure 62c plots the conductance versus gate
voltage (Vgs) for a 300 nm long semiconducting SWNT
section at diﬀerent temperatures. At room temperature, the onstate channel conductance is calculated as follows: GON =
(0.4−0.5) × (4e2/h), and the average GON increased
monotonically as the temperature decreased to 50 K. Further
decreases in temperature led to pronounced oscillations with
Fabry−Perot type of interferences (inset of Figure 62c),354
which correspond to the ballistic transport in the p-channel of
semiconducting SWNTs. The high work function of Pd and
the high-quality metal−SWNT interface are both important for
high-performance ballistic FETs with zero or slightly negative
Schottky barrier. Furthermore, the FET devices with intimate
metal−SWNT contact exhibit a maximum on-state current of
25 μA and a switching Ion/Ioff ratio of 106 regardless of the
channel length.365 The reason for the high on-state current is
largely because the Fermi or saturation velocity of the carrier in
the channel is 4 times larger than that of Si, while the eﬀective
carrier mass is approximately 3 times smaller. Further
enhancement of the current delivery capability is expected to
be achieved by scaling the SWNT channel length below the
optical phonon scattering mean free path (∼100 nm).21
Strategies including developing a gate-all-around SWNT
conﬁguration366 and using high-k material as a gate insulator367
were adopted to optimize the performances of the SWNT FET
further. Utilizing an end-bonded contact technique, a scaled pchannel transistor with an ultrasmall overall device footprint of
40 nm was successfully fabricated which exhibited excellent
performance.368
Most of the SWNT-FETs exhibit p-type electric characteristics, i.e., they are on for a large negative gate bias, which arises
from the absorption of external molecules such as O2 and H2O
on the surface of as-grown SWNTs. Initially, chemical
doping369,370 and annealing in a vacuum371 were adopted to
develop n-type SWNT FETs. For instance, by coating the
SWNT surface with evaporated K atoms, Zhou et al.
demonstrated an n-type FET exhibiting single-electron
charging and negative diﬀerential conductance at low temperatures.370 However, upon exposure to air, the fabricated n-type
devices are unstable and readily revert to p-type behavior. In
2007, Zhang et al. fabricated ballistic n-type SWNT-based
FETs using a doping-free approach.372 In their work, Sc was
BO
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Figure 63. SWNT logic circuits and FET arrays. (a) Characteristics of the SWNT intramolecular voltage inverter. (b) Outputs of two- and threetransistor logic circuits with SWNT-FETs. Reproduced with permission from ref 371. Copyright 2001 American Chemical Society. (c) Optical
image of an array of locally gated SWNT-FETs. Reproduced with permission from ref 380. Copyright 2002 American Chemical Society. (d) SEM
image of a ring oscillator consisting of ﬁve CMOS inverter stages. (e) Voltage-dependent frequency spectra. Reproduced with permission from ref
381. Copyright 2006 American Association for the Advancement of Science. (f) Benchmarking SWNT array FET performance against Si
MOSFETs. Inset shows a schematic of a SWNT array sitting on a SiO2−Si back gate. Reproduced with permission from ref 385. Copyright 2016
American Association for the Advancement of Science.

regime. The transistors operated at room temperature show a
gain greater than 10 and an on/oﬀ ratio of 105. As a result, a
variety of logic elements can be constructed with SWNT FET
circuits (Figure 63b), which represents an important step
toward nanoelectronics application. However, positioning that
many semiconducting SWNTs in speciﬁc positions on a wafer
is diﬃcult, therefore, inhibiting their practical applications.
With the purpose of reliably obtaining a large number of
SWNT FETs on substrates, Javey et al. fabricated devices from
the SWNT arrays synthesized directly by CVD on a
catalytically patterned SiO2 chip.380 Figure 63c shows an
optical image of an array of locally gated SWNT-FETs.
Multistage logic gates were made by connecting the transistors
together using coaxial cables outside the chip. For the ﬁrst
time, a complementary SWNT ring oscillator was fabricated
with three SWNT-based inverters. However, the measured
oscillating frequency was only ∼220 Hz, indicating that the
integrated circuit speed is slow. This poor output performance
is caused by the poor interconnections. Beneﬁting from the
growth of ultralong SWNTs, Chen et al. demonstrated the
construction of a CMOS-type ring oscillator on one 18-μmlong SWNT.381 Figure 63d shows the SEM image of the
complete circuit, which consists of ﬁve pairs of p- and n-type
SWNT-FETs wired along the length of an ambipolar SWNT.
Metallic Pd and Al are used to construct the top gates for the
two types of transistors. Their work function diﬀerence shifts
the FET thresholds, allowing the formation of the CMOS
structure. With this circuit, an oscillation frequency of 52 MHz
(Figure 63e) was reached at a voltage of 0.92 V with a
corresponding delay of 1.9 ns per stage. This frequency is
approximately 105 times those achieved by oscillators from
other types of SWNTs.379,380 This frequency is still much
lower than that expected for intrinsic SWNTs (in the terahertz
range382), which is attributed to the parasitic elements of the
circuit. Instead of using a CMOS conﬁguration, Ding et al.

source FETs exhibited a similar on-state current but at a much
lower supply voltage.
5.3. SWNT Systems for Integrated Circuits

To go beyond single SWNT FETs and integrate them onto a
chip to exhibit digital logic operations, it is necessary to
fabricate more complex structures, including logic gates and
ring oscillators. Semiconducting SWNT arrays with a high
density of approximately 150 tubes/μm having identical
diameters are ideal for applications in digital electronics.44
Because obtaining such SWNT arrays with uniform spacing is
still challenging, individual semiconducting SWNTs were
initially used to investigate device physics and electronic
limits. In 2001, Derycke et al. demonstrated the ﬁrst SWNTbased logic gates, i.e., a voltage inverter,371 which was formed
by patterning a single semiconducting SWNT into a p-type and
n-type FET pair. In their work, K was selectively deposited
onto the exposed SWNT segment, producing an n-type FET,
while the other segment, protected by PMMA, remains p-type.
The voltage inverters demonstrated good output characteristics
with a gain larger than one (Figure 63a). This is critical for
developing operational logic circuits where the output of one
logic structure must be capable of driving the input of the next
logic structure. A range of digital logic operations, including an
inverter, a logic NOR, a static random-access memory cell, and
an ac ring oscillator, were demonstrated by integrating multiple
devices on a single chip.379,380 The SWNT circuits were
realized in a three-step process, which includes Al gate
patterning, SWNT dispersion, and fabrication of contact
electrodes and interconnect wires. The device layout features
local gates that enable an excellent capacitive coupling between
the SWNT and the gate, providing the opportunity for
studying nonconventional long-range charge screening along
the 1D SWNT. By modulating the gate voltage, SWNT doping
can be regulated over the full range of the p- to the n-doped
BP
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Figure 64. SWNT thin ﬁlm transistors. (a) SEM image of highly dense SWNTs. (b) On-state current plotted against the on/oﬀ ratio for TFTs with
diﬀerent lengths. Reproduced with permission from ref 390. Copyright 2008 American Chemical Society. (c) Plot of all measured devices with
current ﬂow along the SWNT orientation showing the source/drain current (IDS) as a function of gate voltage (Vg). (d) Typical plot of IDS as a
function of VG. Reproduced with permission from ref 258. Copyright 2008 American Association for the Advancement of Science. (e) Illustration
and SEM image of a TFT made of perfectly aligned SWNTs. (f) Transfer curves from an SWNT transistor before and after electric breakdown. (g)
Transconductance per unit eﬀective width as a function of channel length. Reproduced with permission from ref 151. Copyright 2007 Springer
Nature. (h) Plot of the mobilities of transparent transistors made of diﬀerent materials. Reproduced with permission from ref 391. Copyright 2008
American Chemical Society.

electrostatic properties of the thin-body SWNTs, the SWNT
array FET exhibits a faster rise in IDS and substantial
improvements in the on-state. The outstanding alignment
and spacing of SWNTs are highly signiﬁcant in achieving
exceptional performance, which can be further improved by
increasing semiconducting SWNT purity and regulating pitch
size and gate length.

constructed SWNT-based integrated circuits based on a passtransistor logic conﬁguration, which signiﬁcantly reduced the
use of FETs.383 Utilizing a doping-free approach, logic gates
were fabricated with a single power supply at voltages as low as
0.4 V. The use of transistors not only simpliﬁes the SWNTbased circuit design and reduces the power consumption but
also leads to achieving a higher speed due to the shorter signal
path. In addition, more complex functional units, such as a full
adder and MUX and DEMUX circuits, were demonstrated on
the individual SWNTs. By optimizing the device structure and
fabrication processes, the integrated circuits can work in the
gigahertz regime with signiﬁcantly improved speed.384
Because practical integrated circuits require SWNT array
transistors composed of homogeneous semiconducting
SWNTs, several methods have been developed to achieve
high-density SWNTs capable of providing suﬃcient drive
current. Although a drive current density of 120 μA/μm and a
transconductance greater than 40 μS/μm were demonstrated
from assembled SWNTs with a density of more than 500
tubes/μm,253 the small SWNT placement pitch size (<5 nm)
introduces very undesirable SWNT−SWNT screening between adjacent SWNTs, which deteriorates the SWNT device
performance. Utilizing the multitime transfer process, Shulaker
et al. achieved a highly dense SWNT array with 100 tubes/μm
and demonstrated transistors with a current greater than 100
μA/μm.20 Quasi-ballistic SWNT array transistors with a
current density exceeding that of Si and GaAs were reported
by Brady et al.385 In their work, ﬂoating evaporative selfassembly was applied to deposit semiconducting SWNTs from
a solution, and SWNT arrays with a density of ∼50 tubes/μm
were incorporated into the FETs by patterning Pd electrodes
(inset of Figure 63f). Figure 63f compares the performance of
an SWNT array to a commercially fabricated Si metal−oxide−
semiconductor ﬁeld-eﬀect transistor. Because of the excellent

5.4. SWNT Thin Film Transistors

Developing optically transparent and mechanically ﬂexible
electronic circuitry is critical for next generation display
technologies. These “see through” and conformable products
could include transparent monitors and heads-up displays, in
which transparent TFTs are the key component and could
overcome the limitations of conventional Si TFTs, such as
nontransparency and low mobility. Because of their ballistic
transport, low power consumption, and high mechanical
ﬂexibility, SWNTs could meet the demand for high-density
nanoscale integration and are a strong candidate to assist in the
integration of TFTs. Although the intrinsic mobility of a
semiconducting SWNT is very high, the performance of an
SWNT TFT is dependent on the SWNT assembly method,
which is extremely diﬃcult to scale up for large-area
applications.
Early studies mainly focused on TFTs constructed from
randomly distributed SWNTs. Snow et al. investigated the
transport properties of SWNT thin ﬁlms and discovered that
networks with a low SWNT density (∼1 tube/μm) are
electrically continuous.386 The SWNT thin ﬁlm demonstrates a
p-type characteristic with a mobility of ∼10 cm2/V s and an
on/oﬀ current ratio of ∼105. A transparent, ﬂexible transistor
where both the gate and the conducting channel are SWNT
networks was reported by Artukovic et al.387 The devices were
prepared on a polyester (PET) sheet using sprayed HiPco
SWNTs with Parylene N being utilized for the gate insulator.
BQ
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the layout and an SEM image of a TFT incorporating aligned
SWNTs. Several strategies were adopted to achieve highperformance SWNT array devices. First, an electric breakdown
procedure was carried out to destroy the metallic SWNTs and
increase the on/oﬀ ratio. Figure 64f shows the curves from a
transistor before and after the electrical breakdown process.
The on/oﬀ ratio was increased by a factor of 10 000. Second,
high-k HfO2 was chosen as the gate dielectric, which can
improve transconductance and eliminate the hysteresis due to
the high capacitance. Figure 64g presents the transconductance
per unit eﬀective width as a function of channel length for
devices with 2 tubes/μm. With HfO2 dielectrics and a polymer
electrolyte gate, a peak value of 3000 S/m was achieved for
transconductance. Third, spin coating layers of polyethylenimine onto SWNT arrays in devices enables transistors to
switch from a unipolar p-channel to a unipolar n-channel,
which provides a straightforward method of forming
complementary and unipolar logic gates as well as other
circuit elements. This SWNT array geometry could possibly be
utilized in applications for which only single-tube SWNTs are
currently utilized. Furthermore, this transfer process allows the
integration of SWNT array devices onto unusual substrates,
including ﬂexible and transparent plastics. Fully transparent
TFTs based on aligned SWNT arrays were also reported by
Kim et al., who used transparent indium tin oxide (ITO) as the
electrodes.42 ITO electrodes provide excellent contact to the
SWNTs, leading to high-performance transistor characteristics.
In the visible wavelength range, the optical transmission of
SWNT-TFTs is 83%. The fully transparent TFTs will not only
increase the aperture eﬃciency ratio in active matrix arrays but
also help realize low-power transparent nanoelectronics. In
2008, transparent electronics based on transferred aligned
SWNTs on both rigid and ﬂexible substrates was demonstrated
by Ishikawa et al.391 The SWNT TFTs were constructed on
many substrates including glass and polyethylene terephthalate
or PET using a printing transfer method, which accomplishes a
device yield as high as 100% because of the high surface
coverage of aligned SWNTs. The massively aligned SWNT
arrays enable the transistors to exhibit excellent properties,
including good transparency, good mechanical ﬂexibility, and
high mobility. Figure 64h compares the mobility of transparent
TFTs, consisting of aligned SWNTs, with those reported in
previous studies. An eﬃcient mobility as high as 1300 cm2 V−1
s−1 is achieved for transistors with a channel length of 100 μm,
which is much higher than other competing materials, such as
In2O3 nanowires,392 In2O3 ﬁlms,393 and InGaO3(ZnO)5
ﬁlms.394 The high mobility of the SWNT TFTs would
facilitate low operation voltage, low power consumption, and
high switching speed, which is highly signiﬁcant for
applications such as transparent circuits in portable displays.
A proof of concept for transparent displays using aligned
SWNT transistors to control light-emitting devices was also
demonstrated. These studies paved the way for using highly
aligned SWNT arrays for high-performance transparent
electronics.

These devices are highly transparent and repeated bending
does not substantially aﬀect the transistor characteristics;
however, the exhibited mobility is only 1 cm2/V s and the on/
oﬀ current ratio is 100. Theoretical and experimental studies
suggested that the alignment and density of SWNTs
dramatically aﬀect the TFT performances. 388,389 The
SWNT−SWNT junction in the SWNT network usually
possesses a high contact resistance, leading to a low level of
on-state drive current. Increasing SWNT density could
improve the on-state current; however, this would simultaneously increase the number of metallic pathways between the
source and drain, causing the on/oﬀ current ratio to degrade
by several orders of magnitude.386 Therefore, network TFTs
usually suﬀer from low mobility, low on/oﬀ ratio, and low onstate current. With the goal of improving SWNT FET
performance, Engel et al. proposed the fabrication of aligned
SWNT ﬁlms from high-purity semiconducting SWNTs sorted
by density gradient ultracentrifugation.390 This process, which
is applied for assembly and self-alignment of SWNTs from
solution, follows a slip-stick mechanism. After solvent
evaporation, stripes of oriented SWNTs (Figure 64a) form
and are subsequently used to fabricate TFTs. By using 99%
enriched SWNTs as the basis for the TFTs, high drive currents
and large on/oﬀ current ratios are obtained simultaneously.
Figure 64b plots on-state current (Ion) as a function of the on/
oﬀ current ratio (Ion/Ioff) for devices with diﬀerent channel
lengths. High on-state conductance is displayed for the shortest
channel (0.5 μm) but suﬀers from weak switching, i.e., low Ion/
Ioff of ∼10. Increasing the channel length to 10 μm increases
the Ion/Ioff to 40 000, which is suitable for TFT operation.
Further increase of the on/oﬀ current ratio was reported by
LeMieux et al.,270 who reported the fabrication of SWNT
TFTs with the ability to control the SWNT electronic nature
and topological characteristics. Thin ﬁlms were deposited onto
functionalized surfaces by spin coating solutions of SWNTs.
Because of the selective absorption of amines toward
semiconducting SWNTs, the amine-terminated surfaces are
dominated by semiconducting SWNTs aligned with the
hydrodynamic ﬂow direction. TFTs are fabricated by
depositing source and drain electrodes, and the source-drain
currents are plotted against the gate voltage of all measured
devices in Figure 64c,d.258 The SWNT TFTs exhibit p-type
behavior with Ion/Ioff ratios as high as 900 000 and an average
mobility of 2 cm2/V s. The above-mentioned solution
processes involved in SWNT dispersion and assembly could
lead to contamination and shortening of the SWNTs, which
would deteriorate the TFT performances. In 2001, Sun et al.
fabricated TFTs from SWNTs generated on ﬂexible and
transparent substrates by ﬂoating CVD and followed by a
transfer process.121 The transistors exhibited an on/oﬀ ratio of
6 × 106 and a mobility of 35 cm2/V s, which is attributed to
the well-controlled density and the presence of a Y-shape
junction in the SWNT network. However, such a high on/oﬀ
ratio can only be achieved with a maximum channel length of
100 μm because decreasing the channel length causes a
signiﬁcant reduction in the on/oﬀ ratio, particularly when the
channel length is comparable to the SWNT length and the
metallic SWNT may directly bridge the drain and source
electrodes.
To eliminate the contact resistance that exists in an SWNT
network, Kang et al. reported the use of perfectly aligned arrays
of individual SWNTs as an eﬀective thin-ﬁlm semiconductor
suitable for integration into transistors.151 Figure 64e illustrates

5.5. SWNT Radiofrequency Applications

Aside from their popular application in high frequency FETs,
SWNTs can also be applied as RF detectors and mixers. By
utilizing the nonlinearity relationship of the drain current with
respect to the gate source, several groups have demonstrated
the application of SWNTs as an RF mixer in various
arrangements.395−397 In 2007, a functioning radio using an
BR
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Figure 65. SWNT RF detectors and mixers. (a) Schematic of the test-setup for the SWNT-based demodulator. Reproduced with permission from
ref 398. Copyright 2007 American Chemical Society. (b) SEM image of source/drain electrode with bridging SWNT arrays. (c) Optical images of
device arrays on quartz substrate. (d) Circuit schematic for an SWNT-based RF ampliﬁer. (e) Block and circuit diagrams of a radio that uses
SWNT transistors. Reproduced with permission from ref 43. Copyright 2008 National Academy of Sciences, U.S.A. (f) Schematic of a self-aligned
T-gate aligned SWNT RF transistor. (g) Current gain before (black curve) and after (red curve) the de-embedding procedure. (h) Output
spectrum of a frequency doubler with a 100 MHz input signal. Reproduced with permission from ref 401. Copyright 2013 American Chemical
Society. (i) Transfer characteristics of the FET and the corresponding transconductance. (j) Circuit diagram illustrating the realization of the
doubling and mixing functions of the circuit. (k) Output power spectrum for an input signal with a frequency of 20 GHz. Reproduced with
permission from ref 402. Copyright 2014 John Wiley and Sons.

The ﬁrst RF ampliﬁer based on an SWNT FET was reported
by Kocabas et al. in 2008.43 Particularly, horizontally aligned
SWNTs with extremely linear conﬁgurations occupy the
channel regions of the transistor device (Figure 65b), and
the SWNT arrays have an average density of >5 tubes/μm.
Because there is no SWNT/SWNT crossing or overlapping,
each SWNT serves as an electrically continuous and
independent pathway for charge transport. Proper device
designs, which provide both high capacitance gate dielectrics
and low parasitic overlap capacitances, were developed to
achieve RF performance. Figure 65c shows the optical
micrograph of the device layout. At a gate bias of −0.5 V
and a drain bias of −1 V, a maximum transconductance of 17
mS was obtained, which indicates good performance of the
device in the RF range. To produce a power gain, an SWNT
power ampliﬁer operated in the VHF range was built. Figure
65d shows an illustration of the ampliﬁer based on SWNT
array transistors. The presence of a series of inductors enables
impedance matching, which generates an additional 5 dB of
gain. By combining these types of ampliﬁers and other SWNT
transistor components, an SWNT radio containing an active
resonant antenna, two ﬁxed RF ampliﬁers, and an audio
ampliﬁer was fabricated (Figure 65e), and due to the use of an
RF preampliﬁer, the radio was capable of receiving weak
signals from a local radio station. This work represents an
important step toward the application of SWNT electronics
with functionality that is more complex.
The performance of RF transistors containing horizontally
aligned SWNT arrays was subsequently studied systematically

SWNT as the demodulator in the radio receiver was reported
by Rutherglen et al.398 Figure 65a shows a schematic of the
SWNT-based amplitude-modulated demodulator. After CVD
growth, electrodes were deposited onto the SWNT with a gap
spacing of 50 μm and a width of 300 μm. The sample device
having only one SWNT was incorporated on a microwave
mounted with a pair of subminiature version A connectors. In
an actual amplitude-modulated radio receiver operating at a
carrier frequency of 1 GHz, the SWNT-based demodulator was
capable of demodulating high-ﬁdelity audio. The demodulation
eﬀect can be maximized by properly biasing the SWNT. This
work represents an important milestone for SWNTs to
demonstrate an operating system. Although the size of the
SWNT-based demodulator is small, the overall radio system is
large because of the large external components. Moreover, the
functionality of the SWNT is simply to detect an amplitudemodulated signal, which is comparable to that of a diode in a
classic radio. A fully functional radio receiver was then
constructed from a single SWNT, which serves simultaneously
as an antenna, tunable band-pass ﬁlter, ampliﬁer, and
demodulator.399 Successful reception of music and voice
were demonstrated using carrier waves in the commercially
relevant 40−400 MHz range. By using the mechanical
resonance frequency of the SWNT as an integrated RF ﬁlter,
this work adds further functionality and makes an elegant step
toward an integrated radio. However, owing to the lack of an
RF preampliﬁer at the front end, neither of the radios could
receive weak signals from local radio stations.46
BS
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Figure 66. SWNT computer. (a) Final 4-in. wafer after the fabrication process and SEM image of the SWNT FET. (b) Transistor-level schematic
of arithmetic unit and D-latches, accompanied by their corresponding SEM images. (c) SEM image of an entire SWNT computer. Reproduced
with permission from ref 22. Copyright 2013 Springer Nature. (d) Image and 3D to-scale rendered schematic of the RV16X-NANO physical
layout. Reproduced with permission from ref 23. Copyright 2019 Springer Nature.

by evaluating the scattering parameters.400 The current-gain
cutoﬀ frequency was measured to be ∼5 GHz, which is only
one-sixth of the intrinsic cutoﬀ frequency (30 GHz). The gate
capacitances, including the contributions from the device
parasitics, have a dominant eﬀect on the RF behavior. By
applying a self-aligned T-gate design to aligned SWNT array
transistors, Che et al. achieved a higher extrinsic cutoﬀ
frequency.401 Figure 65f shows a schematic of the T-gate
aligned SWNT RF transistor. With this design, the parasitic
eﬀects can be signiﬁcantly reduced, and extrinsic and intrinsic
cutoﬀ frequencies of 25 and 102 GHz, respectively, were
achieved (Figure 65g). Compared with previous reports,43 the
improvement of the cutoﬀ frequency was attributed to scaling
the channel length and utilizing good quality and well-aligned
SWNTs, which provided the foundation for achieving RF
circuits operated in the gigahertz regime. Armed with excellent
extrinsic RF performance, aligned SWNT transistors can be

applied in frequency doubling circuits to include mixers and
frequency doublers. Figure 65h presents the output spectrum
of a frequency doubler with a 500 MHz input signal. The
output spectrum peak is at 1 GHz, which indicates an excellent
frequency doubling functionality. The self-aligned T-gate RF
transistor design may act as a building block for future RF
transistors and circuits made from SWNTs.
Since the presence of metallic SWNTs in most arrays
degrades the performance of SWNT FETs, most RF circuits
can only operate at a frequency far below 1 GHz. Instead of
searching for highly pure semiconducting SWNTs, Wang et al.
demonstrated the use of naturally growing SWNTs for RF
applications.402 Perfect ambipolar modulation could be
achieved on SWNT array transistors near the minimum
current point, and RF circuits including frequency multipliers
and mixers were batch fabricated using the ambipolar region.
In the RF circuits, the core FET was made of aligned SWNTs
BT
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with large average diameters (∼2.4 nm), the carrier mobility of
which is supposed to be higher than those of small diameter
SWNTs. Figure 65i presents the transfer characteristics of a
fabricated FET showing ambipolar behavior, i.e., the branch at
the positive and negative gate voltages are symmetric near the
minimum current point. Of the 62 FETs that were batch
fabricated on a quartz wafer, 59 behaved as ambipolar FETs
occupying a yield greater than 95%. This well-behaved
ambipolar property ensures high frequency device functionality. Figure 65j presents a circuit diagram illustrating a
frequency multiplier based on an ambipolar FET. When a
small 20 GHz frequency RF input signal was introduced to the
gate, the measured output signal was 40 GHz (Figure 65k),
and the output power is more than 10 dBm above the noise
background when the circuit is powered with a DC voltage of 1
V. This indicates that the SWNT FET can function as an active
frequency multiplier with a frequency response up to tens of
GHz; however, the conversion loss is relatively high, which
may be caused by low transconductance and large output
resistance. This problem can be resolved by increasing SWNT
density and decreasing the channel length. Frequency mixers
are also readily fabricated based on ambipolar FETs. These
high frequency applications beneﬁt from the use of an
insulated quartz substrate, which is critical for achieving better
ambipolar characteristics for SWNT devices.
The above experimental results demonstrate that the core
components of a nanoradio can be fabricated from SWNT
array-based FETs. However, to make a real nanoradio, all the
components, including the battery, antenna, and signalprocessing elements, should also be nanoscale. In addition,
the trade-oﬀs between eﬃciency, external power, antenna size,
and heating need to be addressed. Considering all this,
fabrication of a real nanoradio is anticipated once the device
geometry is further optimized.

Review

immune methodology applied, fabrication is insensitive to the
exact positioning of the SWNTs, rendering the processing and
design of VLSI compatible. The entire computer is fabricated
on a single wafer within a die, each of which contains ﬁve
SWNT computers. After circuit fabrication, there is no
customization because all the SWNT FETs and interconnects
are predetermined during design. Figure 66c shows an SEM
image of a fabricated SWNT computer, which runs a basic
operating system and can perform tasks such as counting and
number sorting.22 In a demonstration of its potential, the
researchers also showed that the SWNT computer could
execute MIPS instructions. Although the messy packaging cuts
into the eﬃciency of the computer, this work represents an
important step toward the use of SWNTs in designing complex
computing systems.
Despite the demonstration of the miniature computer that
implemented only a single instruction, the gap between the
small-scale demonstrations and modern systems containing up
to billions of FETs still exists, challenging the fabrication of a
beyond-silicon microprocessor built entirely from SWNTs. In
particular, the intrinsic defects of SWNTs, manufacturing
defects, and variability are the three major obstacles for
realizing these modern systems, which makes the realization of
VLSI manufacturing diﬃcult due to the strict requirements.
Recently, Hills et al. overcame the intrinsic SWNT defects and
variations and demonstrated a modern microprocessor built
from a complementary SWNT transistor.23 In manufacturing
the microprocessor, several key steps were adopted in the
original processing and circuit design techniques. First, high
purity (99.99%) semiconducting SWNTs were deposited
uniformly on the wafer. The rinse process where all the
strands that are not in direct contact with the surface are
removed by rinsing resembles pouring a bowl of cooked
spaghetti onto a surface, resulting in a substrate covered with
monolayer, randomly distributed SWNTs. The adhesion
coating exerts suﬃcient force to adhere mainly isolated
SWNTs on the wafer surface. This rinse process could
overcome intrinsic SWNT manufacturing defects. Second, a
mixed processing technique was applied to overcome the
SWNT FET variability and instability, which is a combined
doping approach that engineers both the metal contact to the
SWNTs and the oxide deposited over the SWNTs to
encapsulate the FETs. Because processing occurs at relatively
low temperatures, it is possible to stack further functional
layers. Third, a designing resiliency against metallic SWNTs
(DREAM) technique overcame the presence of metallic
SWNTs through circuit design, which relaxes the requirement
on semiconducting SWNT purity to 99.99%. All the standard
cells required to make their computer’s architecture were
devised using commercially available, conventional design
tools, thereby, minimizing the cost. These combined
processing and design techniques enabled the fabrication of a
beyond-Si modern microprocessor, the RV 16X-NANO,
constructed from SWNTs and shown in Figure 66d along
with the optical and SEM images and the three-dimensional,
to-scale rendered schematics of the physical layout. The RV
16X-NANO is comprised of 3 762 CMOS digital logic stages
and 14 702 FETs, containing more than 10 million SWNTs. It
also has a unique 3D architecture because metal was deposited
both above and below the SWNT FET layer, which is diﬀerent
from Si-based systems. Hills et al. also demonstrated the
correct functionality of the microprocessor and executed the
ﬁrst program, the famous “Hello, World”.23 This work validates

5.6. SWNT Computers

Previous studies have demonstrated that SWNT constructed
transistors can outperform silicon constructed transistors,
which makes SWNTs an exciting complement to existing
semiconductor technology; however, the imperfections inherent in SWNTs could hinder their real applications. In 2014, a
research group from Stanford University determined a way to
overcome these imperfections and demonstrated the ﬁrst
computer built entirely with SWNT-based transistors.22 This
research group adopted a technology,403 which combines
circuit design with SWNT processing, for fabricating robust
SWNT-FET digital very large-scale integration (VLSI) circuits
that are immune to the inherent imperfections and variations.
The fabricated SWNT computer consisted of 178 FETs, each
of which was composed of ∼10−200 SWNTs. The SWNTs
utilized were grown on a quartz substrate and transferred onto
the target SiO2 wafer for the fabrication process. After SWNT
transfer, the source and drain were lithographically deﬁned.
Mis-positioned SWNTs were etched away and metallic
SWNTs were removed using electrical breakdown. Figure
66a presents an image of a 4-in. wafer after completing all the
fabrication processes. The drain, source, and SWNTs
extending into the channel region were clearly observed by
SEM. A transistor-lever schematic of the subcomponents, Dlatches, and arithmetic unit are illustrated in Figure 66b along
with their corresponding SEM images. Because of the low
thermal budget, this fabrication process is completely siliconCMOS compatible. Further considering the imperfectionBU
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Figure 67. SWNT sensors. (a) AFM image of a metal-SWNT-metal sensor. Current versus voltage recorded before and after exposure to (b) NH3
and (c) NO2. Reproduced with permission from ref 406. Copyright 2000 American Association for the Advancement of Science. (d) Measured
relative capacitance change of an SWNT chemicapacitor in response to DMF at varying concentrations. Reproduced with permission from ref 410.
Copyright 2005 American Association for the Advancement of Science. (e) Normalized capacitance (red) and conductance (green) responses to
DMMP and DMP at diﬀerent concentrations. Reproduced with permission from ref 413. Copyright 2005 American Chemical Society. (f)
Schematic diagram of a transistor structure. (g) SEM image of an array of such transistors built on a ﬂexible fabric. Reproduced with permission
from ref 418. Copyright 2010 John Wiley and Sons. (h) Schematic illustration of the electrolyte-gated SWNT FET sensor. (i) Drain current versus
gate voltage in back-gate operation in air (blue) and electrolyte-gate. (j) Normalized conductance versus time for single-channel and alignedchannel SWNT FETs. Reproduced with permission from ref 419. Copyright 2012 American Chemical Society.

depletion. This is because NH3 absorbs on the original p-type
SWNT and shifts its valence band away from the Fermi level,
causing hole depletion and reduced conductance. However,
exposure to NO2 gas shifts the SWNT Fermi level closer to the
valence band, which leads to enriched hole carriers and
enhanced SWNT conductance by 3 orders of magnitude
(Figure 67c). SWNT gas sensors respond to the analytes
covering the SWNT surface and have very high detection
limits, i.e., ∼part per billion (ppb) level.407 The inﬂuences of
air or oxygen absorption on the electronic properties of the
SWNTs were later determined by transport measurement and
scanning tunneling spectroscopy.408 By tuning the concentration of adsorbed gases, the electronic parameters can be
reversibly “tuned,” thereby validating the use of SWNTs as
sensitive chemical gas sensors. Generally, strong interactions
between SWNTs and target molecules are required for
molecular sensing; therefore, molecules lacking speciﬁc
interactions with the SWNTs, such as H2 and CO, are not
readily detected. A major disadvantage of SWNT gas sensors is
the lack of speciﬁcity.407 One solution to this problem is to
functionalize SWNTs with speciﬁc receptors for target
analytes. For instance, Kong et al. demonstrated excellent H2
sensors enabled by decorating SWNTs with Pd nanoparticles.409 Owing to the high solubility of atomic hydrogen
into Pd, the work function of Pd decreases, which causes
electron transfer from the Pd to the SWNTs, thereby reducing
SWNT conductance. As a result, the Pd decorated SWNTs
possess remarkable sensitivity to the SWNT electrical property
for molecular H2. However, this type of sensor is operated
based on charge transfer between SWNTs and absorbates,
which only responds to a limited range of analytes. Moreover,
the SWNT structural diversity causes poor device reproducibility, which signiﬁcantly inhibits the understanding of how
SWNT nature aﬀects analyte sensitivity and response.

a promising path toward practical beyond-silicon electronic
systems.
This type of SWNT computer is based on CMOS
technology, runs 32-bit instructions on 16-bit data, and has a
transistor-channel length of ∼1.5 μm, which is comparable to
the Si-based Intel 80386 processor introduced in 1985.
However, the early 80386 processor could process its
instructions at a frequency of 16 MHz, which is much larger
than that of the SWNT computer (1 MHz). This diﬀerence is
attributed to the capacitances of the electronic components
and the amount of current that the smallest transistor is able to
deliver.404 A typical SWNT transistor can only deliver an
electric current as low as 6 μA μm−1, which is much smaller
than that delivered by a well-designed Si transistor (1 mA
μm−1). In future versions of the SWNT computer, the electric
current could be improved by reducing the transistor-channel
length,376 increasing the density of SWNTs in the channel, and
decreasing the width of the transistors.368 These scaled-down
transistors are essential for operating SWNT-based CMOS
technology at gigahertz frequencies.405
5.7. SWNT Sensors

Because all the atoms in an SWNT are surface atoms, the
electrical properties of an SWNT can be very sensitive to its
environment; therefore, the SWNTs could potentially be
applied as sensors. Initial work using SWNT molecular wires as
chemical sensors was performed by Kong et al.406 The SWNT
chemical sensor was prepared by patterning two metal contacts
to connect a semiconducting SWNT. A gas-sensing experiment
was performed by placing the SWNT sensor in a sealed glass
with ﬂowing NO2 or NH3 gas, and the resistance of the SWNT
was monitored during the experiment. Figure 67a shows an
AFM image of a typical SWNT chemical sensor. After a 10 min
exposure to NH3, the conductance of the SWNT decreases
signiﬁcantly. Figure 67b presents the recorded current versus
voltage (I−V) curve, which exhibits ∼100-fold conductance
BV
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Figure 68. Carbon nanotube transparent conductive ﬁlms. (a) SWNT thin ﬁlm with diﬀerent thicknesses on a quartz substrate. (b) Optical image
of SWNT ﬁlm on sapphire substrate with a diameter of 10 cm. (c) Flexibility of an SWNT/PET vs ITO/PET. Reproduced with permission from
ref 422. Copyright 2004 American Association for the Advancement of Science. (d) Sheet resistance versus optical transparency of pristine SWNT
ﬁlm. Reproduced with permission from ref 425. Copyright 2010 American Chemical Society. (e) Transmittance of freestanding carbon nanotube
ﬁlm drawn out from a superaligned carbon nanotube forest. (f) SEM image of laser trimmed carbon nanotube ﬁlm. Reproduced with permission
from ref 428. Copyright 2010 John Wiley and Sons. (g) SEM image of biaxially reinforced sheet arrays. Reproduced with permission from ref 429.
Copyright 2005 American Association for the Advancement of Science.

responses to dimethyl methylphosphonate (DMMP) and
dimethyl phthalate (DMP) in the concentration range of
0.0004−0.003P0. Clearly, the magnitude of ΔĈ is much larger
than the magnitude of ΔĜ , indicating that the capacitance
response is more sensitive, and it can recover faster and is
applicable to a broader range of analytes. The ratio between
the capacitance and conductance responses depends on the
intrinsic molecular properties, not on the vapor concentration.
Consequently, the ΔĜ /ΔĈ ratio can be applied to distinguish
the vapors of similar molecules, which oﬀers the potential for
speciﬁc identiﬁcation of an unknown chemical vapor.
Analyte detection can also be achieved by measuring the
SWNT-FET response,411,414 which is deﬁned as chemFET.
These chemFETs provide a larger signal for analyte detection
because an increased diﬀerence in the on/oﬀ ratio induces a
larger electronic response.415 The degree of alignment,
bundling, and chirality of the SWNT network have been
demonstrated to aﬀect the sensor characteristics, speciﬁcally,
aligned SWNTs with preferential semiconducting species lead
to improved sensor characteristics. Although freestanding
SWNT ﬁlms can also be generated by CVD, the presence of
SWNT−SWNT junctions limits eﬀective electron transport in
SWNT thin ﬁlms.416,417 Chemical sensors based on aligned
SWNTs were ﬁrst demonstrated by Chen et al.418 The surface
grown SWNTs were transferred onto cloth fabric to fabricate
ﬂexible SWNT chemical sensors. Figure 67f presents a
schematic diagram of a ﬂexible SWNT chemical sensor. The
SEM image (Figure 67g) clearly shows the SWNTs bridging
the two electrodes. After metallic SWNT removal by electrical
breakdown, the on/oﬀ ratio increased from 2.3 to 3 × 103.
Upon exposure to TNT vapor of diﬀerent concentrations, the
I−V curves at Vg = 0 V are nearly linear, indicating Ohmic
contact for the sensing devices, which shows satisfactory
sensitivity down to 8 ppb TNT at room temperature. The
SWNT density is approximately 4 tubes/μm, which provides
suﬃcient reaction sites for TNT molecules. As a result,

Compared with sensors made of individual SWNTs, sensors
fabricated from SWNT ﬁlms, where a large number of SWNTs
are exposed to analytes simultaneously, demonstrate many
advantages, including improved signal-to-noise ratio and,
subsequently, detection limit. More importantly, the SWNT
ﬁlms can be applied to build large quantities of identical
devices, which is necessary for real world applications. Besides
monitoring conductance variations of SWNT ﬁlms, sensing can
also be accomplished by measuring the capacitance change
between the SWNT ﬁlm and electrode. Snow et al. reported
chemical detection with an SWNT capacitor.410 This
chemicapacitor was fabricated from an SWNT network
grown by CVD, and the interdigitated electrodes, which
provide contacts for measuring the capacitance and resistance,
were deposited on the top of SWNT network. The capacitance
of the SWNT chemicapacitor is governed by surface
adsorbates. Under an applied bias, fringing electric ﬁelds at
the SWNT surface produce a net polarization of the
adsorbates, which is reﬂected by the increase of capacitance.
Figure 67d shows the observed capacitance change, ΔC/C, in
response to repeated 20 s doses of N,N-dimethylformamide
(DMF) at diﬀerence concentrations. In addition to being
proportional to the DMF concentration, the response is very
rapid and completely reversible. More importantly, the
capacitance of the SWNTs is sensitive to a number of
chemical vapors. These behaviors contrast with those of
SWNT chemiresistors, which only respond to a few analytes
and the resistance recovers slowly after exposure.406,411,412
These diﬀerences are partially caused by the diﬀerent detection
mechanisms. SWNT chemiresistors detect charge transfers
between the analytes and SWNTs, while SWNT chemicapacitors monitor the polarization of the surface absorbates.413
The simultaneous capacitance and conductance measurements
of the SWNT network sensors were systematically investigated
at a later time.413 Figure 67e compares the normalized
capacitance (red, ΔĈ ) and conductance (green, ΔĜ )
BW
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formation could be related to the surface morphology of the
PET. Although the room-temperature conductivity of SWNT/
PET ﬁlm is lower than for ITO/PET ﬁlm, the SWNT/PET
ﬁlm is more optically transparent than ITO/PET. More
importantly, the SWNT/PET thin ﬁlm can be completely bent
without a signiﬁcant change in resistance (Figure 68c). In
contrast, the ITO/PET ﬁlm essentially becomes insulating
upon bending. However, dispersing the SWNTs in solvent
would inevitably destroy the perfect structures of the SWNTs,
thereby deteriorating their electronic properties.
To avoid the use of solvents in carbon nanotube ﬁlm
preparation, dry methods were introduced to prepare nanotube
ﬁlms. One is based on ﬂoating CVD,424 where the produced
SWNTs are collected by a ﬁlter membrane at the outlet of the
reactor.425 Kaskela et al. systematically investigated the sheet
resistance and transparency of SWNT networks synthesized by
thermal decomposition of ferrocene vapor in a CO
atmosphere.425 The collected SWNT ﬁlms were transferred
from the ﬁlter to various substrates using a simple room
temperature press transfer process. The ﬁlm resistance was
determined to be dependent on the average bundle length in
the SWNT network (Figure 68d). Decreasing SWNT length
increases the number of resistive junctions and the
corresponding sheet resistance, and the resistance of the
sample containing 9.4 μm long bundles was 820 Ω/sq at a
transmittance of 90% (at 550 nm). For comparison, data for
ITO ﬁlms on ﬂexible substrates are also presented. The
performance of SWNT ﬁlm can be improved by ethanol
densiﬁcation followed by HNO3 treatment. At a transmittance
of 90%, the sheet resistance drops to ∼110 Ω/sq; this is
equivalent to the typical ITO performance on a polymer
substrate. By further optimizing experimental parameters, the
sheet resistance of freestanding SWNT ﬁlm can be decreased
to 84 Ω/sq.426 The dry transfer method avoids the dispersion
and puriﬁcation steps and has a wide application potential for
SWNT network-based devices. Another dry method for
spinning multiwalled carbon nanotube ﬁlms was developed
by Jiang et al. in 2002.427 Although the spinning method is still
not applicable for drawing SWNT forests, this roll-to-roll
process is applied for fabricating superaligned carbon nanotube
ﬁlms as TCFs.428 Figure 68e shows the transmittance of
carbon nanotube ﬁlms drawn from a carbon nanotube forest
on an 8-in. wafer. The vertically aligned carbon nanotubes are
converted into horizontally aligned carbon nanotube ﬁlms, and
the sheet resistance along the drawing direction is approximately 1000 Ω/sq and the transmittance is 83% at 550 nm.
The advantage of these nanotube ﬁlms is they are reversely
stretchable perpendicular to the drawing direction. By
increasing the stretch ratio, the transmittance of the freestanding ﬁlm increases, and the transmittance approaches 90%
with a stretch ratio of 120%. Besides stretchability, the
ﬂexibility of the carbon nanotube ﬁlm is also superior to
ITO ﬁlms. To meet the industrial standards in terms of
transparency and conductivity, trimming by either an oxygen
plasma or a laser is introduced. Figure 68f shows an SEM
image of a carbon nanotube ﬁlm trimmed by a laser. The
carbon nanotube ﬁlm became thinner after trimming, thus
increasing the transparency. To improve the conductivity of
the ﬁlm, bilayer metals containing Ni and Au were deposited
onto the carbon nanotube surface. For example, a sheet
resistance of 40 Ω/sq was achieved with 2 nm Ni and 10 nm
Au coatings. By combining the methods of laser trimming and
metal coating, a sheet resistance of 24 Ω/sq at a transmittance

SWNT-based sensors do not exhibit a saturation response even
at higher TNT concentrations. These SWNT sensors can be
applied for wearable electronics. Electrolyte-gated sensors
based on FETs consisting of aligned SWNTs were developed
directly on a quartz substrate by Okuda et al.419 The SWNT
FETs were fabricated on horizontally aligned SWNTs with a
channel length of 3 μm. The sensor architecture utilizing these
FETs as a transducer is illustrated in Figure 67h. Compared
with the back-gate operation in air, where the drain current is
barely aﬀected by the back-gate voltage, the electrolyte-gate
voltage could substantially modify the drain current (Figure
67i). Figure 67j presents the real-time response recorded by
the drain current for the aligned- and single-channel SWNT
FETs. Owing to the signiﬁcant increase in drain current for the
aligned-channel FETs, the residual standard deviation is only
0.05%, which contributes to the improved sensing performance. More importantly, the FETs constructed from aligned
SWNTs have good device-to-device uniformity, which is
essential for commercializing SWNT FET-based sensors.
5.8. Transparent Conductive Carbon Nanotube Thin Film

Transparent conducting ﬁlms (TCFs) are widely applied in
commercial optoelectronic devices, including liquid crystal
displays, organic light emitting diodes, touch panels, and
photovoltaics cells.420,421 To meet the rapid development and
upgrading of customer electronics, the demand for TCFs with
superior properties is tremendous. Indium tin oxide is
currently the most widely used TCF material due to its low
sheet resistance (Rs = 10−25 Ω/sq) at high transmittance
(90%). However, it suﬀers from a series of drawbacks including
(1) increasing cost due to an indium resource shortage, (2)
application limits for ﬂexible devices due to its brittle nature,
(3) limited lifetime due to indium diﬀusion, and (4) high
production cost for fabricating ITO ﬁlms, which involves high
temperatures and vacuum procedures. Owing to high
abundance, high ﬂexibility, and excellent electronic properties,
carbon nanotube-based TCFs have emerged as a replacement
for ITO. Generally, high light transmission and low sheet
resistance are the two main characteristics of TCFs, and there
is a trade-oﬀ between the two parameters. In the past 2
decades, signiﬁcant eﬀort has been devoted to achieving highperformance carbon nanotube-based TCFs. A ﬁltration
method, which oﬀers a homogeneous ﬁlm with controlled
thickness followed by a transfer process, was adopted by Wu et
al. for fabricating SWNT TCFs.422 Figure 68a presents ﬁlms
with 50 and 150 nm thicknesses, which display an increase in
optical density. With this method, ﬁlms with diameters up to
10 cm were prepared (Figure 68b). AFM characterizations
showed that the SWNT ﬁlms had nanoscale porosity and were
randomly distributed. In the visible spectrum, the 50 nm-thick
ﬁlm has a transmittance greater than 70%, while the
transmittance in the near IR is greater than 90% in the 2- to
5-μm spectral band, which is far superior to that of ITO. The
sheet resistance of the 50 nm-thick ﬁlm is only 30 Ω/sq, which
is comparable to that of ITO. The simultaneous high
transparency and low sheet resistance could be attributed to
the low carrier density, high electronic mobility, and
suppression of light absorption of the SWNTs. Saran et al.
proposed the fabrication of SWNT ﬁlms on ﬂexible plastic
substrates using dip-coating.423 In a typical procedure, a PET
ﬁlm is immersed in SWNT dispersion for 30 s and air-dried for
∼5 min and ﬁlms containing randomly distributed bundles,
which are strongly adherent to the PET surface, form. This
BX
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Figure 69. SWNT-based photovoltaic devices. (a) SEM image of a 100 nm pitch SWNT diode. (b) Experimental and ﬁtted I−V rectifying
characteristics of the 100 nm pitch diode in the dark. Reproduced with permission from ref 433. Copyright 2014 American Chemical Society. (c)
Schematic of an SWNT photovoltaic module with two cells connected in series. (d) Energy band diagram illustrating the excitation and
accumulation of electrons and holes under illumination. Reproduced with permission from ref 434. Copyright 2011 Springer Nature. (e) SEM
image of thin ﬁlm diode contacted with Sc and Pd. (f) Photoresponse of the SWNT IR detector under diﬀerent illumination densities. Reproduced
with permission from ref 432. Copyright 2012 Optical Society of America. (g) Schematic structure of the cascade photovoltaic module: (h)
responsivity and (i) detectivity measured as a function of power density. (j) Photograph of a 150 × 150 2D detector array on a 2-in. Si wafer.
Reproduced with permission from ref 435. Copyright 2015 John Wiley and Sons.

of 83.4% was achieved, which is comparable to ITO ﬁlm
performance. Furthermore, prototype TCF devices such as
touch panels based on carbon nanotube ﬁlms were
demonstrated, which paves the way for innovative applications
such as electronic paper. Another solid-state process for
producing highly oriented, freestanding carbon nanotube ﬁlms
was reported by Zhang et al.429 The sheets were also drawn
from the sidewall of a carbon nanotube forest and can be easily
assembled into biaxially reinforced sheet arrays (Figure 68g).
Ethanol densiﬁcation was applied to decrease sheet resistance
and increase sheet transparency. After densiﬁcation, the sheet
resistivity in the draw direction was ∼700 Ω/sq. In the
orthogonal in-plane direction, the resistance was 10−20 times
higher, and the densiﬁed carbon nanotube sheet had a
transmittance >85% for perpendicular polarization between
400 nm and 2 μm. A carbon nanotube sheet adhered to a
ﬂexible substrate can be bent in any direction without a
signiﬁcant decrease in electrical conductivity. Taking advantage
of the multiwalled carbon nanotube sheets, these sheets have
been used as highly elastomeric electrodes, ﬂexible organic
light-emitting diodes, and touch panels. Through cooperation
between a subsidiary of Foxconn Electronics and an R&D team
from Tsinghua University in China, mass produced panels
have been generated from aligned carbon nanotubes, which
shows promise for their utilization in industrial applications.
This present technology demonstrates important advantages,
because long, high perfection SWNTs are desirable for
maximizing the electrical and optical properties. HASAs with
excellent conductivity and transmittance are thus required to
improve the performance of these electronic products further.

5.9. SWNT-Based Photovoltaic Devices

The elementary process of a photovoltaic (PV) device is to
convert incident illumination energy into electricity, which
relies on a built-in potential generally formed using a p−n
junction. Consequently, diﬀerent strategies, including chemical
doping,370 the use of static split-gates,430 vertical heterojunction diode geometry,431 and barrier free bipolar diode
(BFBD),432 have been applied to fabricate internal build-in
ﬁelds. In terms of construction, scalability, and eﬃciency,
BFBD is the most promising SWNT PV device. Although the
ﬁrst carbon nanotube p−n diode was made as early as 2000,370
it was not until 2014 that fabrication of a high-performance
sub-100 nm pitch-six photodiode was achieved.433 Figure 69a
shows an SEM image of a sub-100 nm pitch diode that was
formed with Pd and Sc electrodes asymmetrically contacting a
semiconducting SWNT. The misalignment of the Fermi levels
between the metal and SWNT leads to a charge transfer and
the formation of a built-in potential. A current−voltage (I−V)
characteristic of the diode observed in the dark at room
temperature is presented in Figure 69b, which exhibits a
rectiﬁcation behavior. There is no sign of reverse bias
breakdown even with an electric ﬁeld of 105 V/cm. When
illuminated, electron hole pairs created in the SWNT can be
separated by the built-in electric ﬁeld in the diode, generating a
photocurrent, the maximum of which is correlated with the
interband absorption of the SWNT. Although the photovoltage
generated from a single SWNT diode can reach 0.24 V by
making a trade-oﬀ between performance and size,433 this
photovoltage is still too small for most practical applications. In
2011, Yang et al. proposed multiplying this value by using
virtual contacts at the SWNT.434 Figure 69c presents a
schematic of a virtual contact composed of overlapping Sc and
BY
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Figure 70. SWNTs as polarization-sensitive, molecular near-ﬁeld detectors. (a) Schematic of the spatial distribution in the vicinity of the metallic
nanodisks. Calculated near-ﬁeld amplitude distribution in a square array for illumination polarized (b) parallel and (c) perpendicular to the SWNT.
(d) AFM image of the square antenna array. (e) SEM image of the area in the square array. (f) Raman intensity enhancement for parallel (red) and
perpendicular (blue) polarizations along the black vertical dashed line in (g) and (h), respectively. Confocal Raman microscope image of a 20 μm
× 20 μm area with the laser polarization (g) along and (h) perpendicular to the SWNTs. (i) SEM image of an SWNT coupled to a row of
nanodisks. Confocal Raman microscope image of the SWNT for (j) parallel and (k) perpendicular laser polarization. Reproduced with permission
from ref 439. Copyright 2009 National Academy of Sciences, U.S.A.

stable and repeatable, suggesting its reliability for application in
PV IR detection. At room temperature, the device exhibited a
responsibility of 9.87 × 10−5 A/W and a detectivity >107 Jones.
The SWNT array diode fabrication process utilizes a dopingfree process, which is compatible with Si based technology,
allowing wafer-scale integration with CMOS integrated
circuits. Despite this progress, the detectivity is still inferior
to the IR InGaAs photodetectors which, when cooled, have a
detectivity of over 1011 Jones. To take full advantage of the
excellent intrinsic properties of the SWNTs, Liu et al.
constructed high-performance photodiodes using high-purity
semiconducting SWNTs.435 In addition to adopting the
doping-free BFBD device geometry, several other strategies
were applied to improve device performance. First, opencircuit voltage (Voc) was used as the detector signal. Because
Voc depends on the current ratio, Isc/Is, notable Voc can be
detected even when Isc is extremely small. Second, a cascade
detect scheme, where multiple photodiodes are connected, was
utilized to achieve a large Voc and improve the signal-to-noise
ratio. Figure 69g shows a schematic of the cascade PV module
consisting of three cells connected in series. The open-circuit
voltage is tripled because the voltage of the Sc electrode is
increased 1.5 times, while the Pd electrode is decreased 1.5
times. In the photodiode detector, the dominant noise is the
Johnson noise, as both the shot noise and 1/f noise are zero in
the open-circuit mode. With an increase in the number of cells
(N), the signal-to-noise ratio will be increased by a factor of
N . Third, an incident wavelength corresponding to
approximately S11 of the SWNTs was applied to achieve a
maximum responsivity. Figure 69h,i presents the responsivity
and detectivity, respectively, of the SWNT ﬁlm-based IR
detector as a function of power density with a wavelength of
1800 nm. The peak spectral responsivity and detectivity were
1.5 × 108 V/W and 1.25 × 1011 Jones, respectively. Compared
with commercial InGaAs detectors with a similar spectral
range, the SWNT detectors demonstrated similar performances but superior temperature stability. IR imaging is one
potential application for SWNT photodetectors, which can be

Pd pads. The virtual contact provides an alternative route for
the carriers to move from the SWNT conduction band to the
valence band, therefore, potentially doubling the photovoltage
(Figure 69d). The open-circuit voltage of the module
demonstrated a linear dependence on the number of cells
connected in series within the module. In one example, an
open-circuit voltage of more than 1.0 V was yielded from an
SWNT with a single-cell voltage of ∼0.2 V.
The fundamental research on individual semiconducting
SWNTs indicates that they are ideal materials for constructing
high-performance PV devices, such as IR detectors. However,
because of their limited light absorption and small current,
individual SWNT-based devices cannot be utilized in practical
applications. To improve the absorption ability and device
performance, SWNT ﬁlms, particularly ﬁlms with horizontally
aligned SWNTs, are used. Zeng et al. demonstrated a PV IR
detector using SWNT-based DFBD device architecture.432
The starting SWNTs were grown on a quartz substrate by
CVD and transferred onto a SiO2−Si substrate. Figure 69e
shows an SEM image of the formed SWNT ﬁlm diode. After
eliminating metallic SWNTs using electric breakdown, the
SWNT arrays were cut into strips and deposited asymmetrically using Pd and Sc. To increase the long-time stability of the
diode, the diode was coated with PMMA to serve as a
passivation layer. The uniformity of devices made from SWNT
arrays is much better than that of individual SWNT devices,
because the characteristics are determined by the average of all
the participating SWNTs in the transport. Under illumination,
photovoltage and photocurrent were generated because the
built-in ﬁeld separates the photogenerated electron hole pairs.
The open circuit voltage and short circuit current exhibited
typical photodiode behaviors with increasing incident light
intensity. Compared with an individual SWNT diode, the thin
ﬁlm diode yields a similar photocurrent and photovoltage at
approximately 1/20 illumination power density, indicating the
signal of a thin ﬁlm diode is more detectable under lower
power density. Figure 69f shows the photoresponse under
diﬀerent illumination densities. The short circuit current is
BZ
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fabricated on a wafer scale. Figure 69j shows an image array
with 150 × 150 SWNT photodiodes, both the photovoltage
and detectivity of which vary only slightly from device to
device, paving the way for cost-eﬀective, lightweight, compact
IR photodetectors. It is expected that pure semiconducting
SWNT arrays with a high density could further increase
photocurrent and reduce response time of SWNT PV devices,
and the ability to utilize them in real applications may be found
in the near future.
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to detect diﬀerent polarization components of the dipole near
ﬁeld. By further correlating the distances between the SWNT
probe and the nanodisks with confocal Raman microscopy,
spatial information on the near ﬁeld generated by the
nanoantennas can be obtained. As the surface-enhanced
resonant scattering signal is proportional to the fourth power
of the near-ﬁeld enhancement, the average line-averaged ﬁeld
enhancement, |E4|, over the SWNT length along the x direction
is modeled. The line-averaged ﬁeld enhancement |E4| as a
function of the distance (Δy) between the SWNT detector and
the nanodisk center for parallel and perpendicular laser
polarizations was calculated. Figure 70i shows an SEM image
of an SWNT crossing 18 nanodisks, the brightness of which
indicates the physical contact between the SWNT and the gold
nanoantennas. The confocal Raman microscopy images for
parallel and perpendicular laser polarizations are presented in
Figure 70j,k, respectively, where qualitative agreement between
the theory and the experiment can clearly be observed. This
work demonstrates that aligned SWNT arrays can be used as
polarization-sensitive near-ﬁeld probes, providing potential
opportunities in nanophotonics and plasmonics.439

5.10. SWNT-Based Polarization-Sensitive Near-Field
Detector

Optical antennas can enhance electromagnetic radiation and
consequently are of great interest.436,437 Owing to the
oscillation of the conduction electron plasma, an Au or Ag
nanoparticle could serve as an optical antenna and generate
near ﬁelds, which oﬀer many intriguing features such as
polarization control of a single molecule emission.438 Because
SWNT Raman scattering is sensitive to the polarization of the
exciting ﬁeld, aligned SWNTs were also applied as polarization-dependent nanoscopic near-ﬁeld “detectors” without
disturbing the near-ﬁeld generated by the optical antennas.439
Figure 70a shows the conﬁguration of the polarization-sensitive
SWNT near-ﬁeld detector. The SWNT alignment could
respond in concert to a particular polarization determined by
the alignment direction. Figure 70b,c presents the calculated
local ﬁeld generated around a Au nanodisk antenna upon
illumination by a plane wave. The strengths of the in-plane
parallel x component and transverse y component are
comparable. To image the two diﬀerent polarization
components, aligned SWNT arrays were ﬁrst grown on a
single crystal quartz substrate using ethanol CVD. Au nanodisk
arrays were fabricated by a standard bilayer e-beam lithography
process. Figure 70d presents an AFM image of the square
array, which shows good alignment between the nanodisk
antennas and the SWNTs. The localized surface plasmon
resonances of a 100 μm × 100 μm nanoantenna array were
characterized by far-ﬁeld-reﬂection measurements. The
reﬂection spectra for polarizations parallel and perpendicular
to the SWNT axes show negligible change, suggesting that the
SWNTs do not disturb the generated near ﬁelds. Additionally,
all the characteristic modes in the surface-enhanced resonant
scattering spectrum were identiﬁed for laser polarization
parallel to the SWNTs.
Figure 70e shows the SEM image corresponding to the edge
of the Au square antenna. Confocal Raman microscopy was
performed on this region to distinguish the antenna-enhanced
and regular Raman emissions from individual SWNTs. Figure
70f shows the Raman enhancement for parallel and
perpendicular polarizations along the black vertical dashed
lines in Figure 70g,h generated by integrating the G mode
Raman intensity. In the bottom part of Figure 70g, pristine
SWNTs are visible when the laser polarization is along the
SWNT due to its antenna eﬀect. In the upper part, the parallel
component of the nanodisk near-ﬁeld greatly enhances the Gband Raman intensity. Figure 70h shows the Raman intensity
map acquired with the laser polarization perpendicular to the
SWNT alignment direction. The transverse component of the
near ﬁelds generated around the nanodisk antenna leads to
SWNT Raman scattering. In short, the polarization dependence of the G-band signal helps to distinguish the enhancements arising from the two polarizations generated by the
nanodisk. Consequently, the SWNTs can be applied as a probe

6. CHALLENGES AND PROSPECTS
Signiﬁcant progress has been made in the fabrication and
characterization of SWNT arrays, based on which prototype
applications for the HASAs are demonstrated. However, there
are still many issues to be resolved before the practical
application of HASAs can be realized.
6.1. SWNT Growth Mechanism Studies

SWNT preparation decides the future. To prepare SWNTs
with controlled direction, density, length, and even chirality,
the mechanisms behind the experimental phenomena should
be well clariﬁed. Although the gas ﬂow, electrical ﬁeld, and
crystalline substrate can guide the orientation of the growing
SWNTs, misaligned SWNTs still exist, which would inevitably
deteriorate the performance of SWNT array-based nanodevices. Thus far, the best alignment of SWNTs was achieved
on a quartz substrate with an angular misalignment lower than
0.01°.151 Nevertheless, the basic mechanisms for alignment
remain unclear, making the synthesis of perfectly aligned
SWNTs challenging. Similarly, the mechanisms for controlled
density and length have not been thoroughly clariﬁed, although
some models have been proposed to explain the experimental
results.39 The ultimate control over SWNT chirality is still one
of the most important topics in the SWNT synthesis ﬁeld. It is
widely accepted that nucleation thermodynamics and growth
kinetics and termination govern the ﬁnal chirality distribution
of the SWNT product. Practical methods, which can eﬀectively
regulate the diﬀerent steps during the CVD process, are still
limited. In situ techniques such as environmental TEM and
Raman spectroscopy could provide important information by
following the evolution of the catalyst particle or the SWNTs;
however, these techniques usually suﬀer limited spatial or
temporal resolution. Theoretical calculation is a good complement to the experimental techniques. Considerable eﬀorts have
been attempted to establish a link between the catalyst and
SWNT chirality distribution; however, most of the simulations
are performed under ideal conditions, which are far from the
real SWNT growth conditions. More eﬀort should be devoted
to investigating the SWNT alignment and growth mechanisms,
which could ultimately guide the design of experiments to
achieve full control over SWNT geometries.
CA
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Figure 71. Key events in synthesizing horizontal SWNT arrays by CVD methods. The blue numbers indicate the corresponding reference numbers.

6.2. Alignment, Length, Density, and Chirality-Controlled
Growth of SWNTs

SWNT arrays. Figure 72 summarizes the capabilities of
diﬀerent techniques in characterizing SWNTs. The length,

Over the past 2 decades, remarkable achievements have been
made in the controlled synthesis of SWNTs. Figure 71
summarizes some important reports in synthesizing HASAs by
CVD in the past 20 years. Thus far, horizontally aligned
SWNTs have been produced with extremely small angular
misalignment, lengths greater than 550 mm, densities greater
than 150 tubes/μm, or conductivity/chirality purities greater
than 90%, individually; however, these features have not been
obtained simultaneously, i.e., the pursuit of one best performance usually sacriﬁces the other performances. For example,
the longest SWNTs can only be produced using gas ﬂow
induced alignment,39 which usually produces relatively poorly
aligned SWNTs. The highest density SWNTs are obtained
utilizing a “trojan” catalyst; however, the SWNTs produced
possess diverse chirality distributions,37 and SWNTs grown
from solid catalysts with a high chirality selectivity51 exhibit a
relatively low SWNT density. Therefore, challenges remain in
the SWNT synthesis ﬁeld. The ﬁrst is how to increase the
degree of alignment of SWNTs grown using techniques such as
electric ﬁeld-induced CVD and gas ﬂow guided growth. The
second is improving the lengths of the horizontally aligned
SWNTs. Although gas-ﬂow guided directional growth of
carbon nanotubes can reach a length of approximately 550
mm,39 the wall numbers of these long carbon nanotubes are
larger than 2. The third is to increase SWNT density above
125 tubes/μm, while maintaining identical spacing. The fourth
is to grow semiconducting or metallic SWNTs with high
purity. The ﬁfth is to synthesize SWNTs with single chirality.
Catalyst design and development are known to be crucial for
controllable growth of SWNTs, preparing monometallic or
alloy nanoparticles with uniform diameter and identical
structure, which can maintain their uniformity in the reaction
environment, might help to increase the SWNT chirality
purity. The last is to grow SWNT arrays on targeted substrates
under low reaction temperatures so that the SWNT growth
process can be fully compatible with the postgrowth device
fabrication process. Therefore, it is necessary to further
investigate the SWNT growth mechanisms and develop
processes for synthesizing SWNT arrays with predeﬁned
conﬁgurations. In addition, further eﬀorts should be focused
on preparing solutions containing long and pristine SWNTs,
increasing the SWNT degree of alignment and structure
uniformity, reducing SWNT aggregation, and controlling pitch
distance during SWNT assembly processes.

Figure 72. Capabilities of diﬀerent techniques in characterizing
SWNTs regarding their orientation, length, density, diameter,
conductivity, and chirality.

orientation, and diameter are easily determined by microscopies such as SEM, AFM, and TEM; however, each technique
has disadvantages. For instance, to characterize the aligned
SWNTs using TEM, the SWNTs should be grown or
transferred onto a TEM grid without disturbing their intrinsic
features. Additionally, if the SWNT density is too high, it is
rather diﬃcult to distinguish individual SWNTs by the
available techniques. Furthermore, the methods that have
been applied for determining SWNT chirality distribution are
still deﬁcient. Optical techniques usually have their own
selectivity, i.e., only certain SWNTs respond to the light probes
can be detected, and although some SWNTs could not be
observed by optical techniques, this does not necessarily
indicate their absence in the product. Meanwhile, the results
are very sensitive to the SWNT environment, and the
correlations between peak intensity and SWNT species
abundance have not yet been adequately established. Nanobeam ED or high-resolution TEM characterizations of
individual SWNTs could provide more information on
SWNT chirality and structure; however, these techniques
require speciﬁc sample preparations and impurity-free, isolated
high-quality SWNTs. Furthermore, the yield of these
characterizations is low and cannot provide an entire chirality
overview of the products. Electrical properties can diﬀerentiate
metallic from semiconducting SWNTs; however, the electrical
properties depend heavily on the surface adsorbates or
chemical function, which could result in electrical property
deviations from their pristine structures. At the same time, the
electrical property measurement cannot discriminate SWNTs
from carbon nanotubes with a few walls; therefore, SWNT
chirality distribution characterization results can diﬀer from
each other if diﬀerent techniques are applied.303 Systematic
characterizations on SWNTs involving diﬀerent procedures on
as many samples possible are necessary to make deﬁnitive

6.3. Characterizations of SWNTs

Reliable characterizations of SWNTs grown by CVD are
indispensable for evaluating the characteristics of produced
CB
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6.5. Prospects

conclusions on SWNT chirality distribution, but caution
should be paid to stating SWNTs with a very narrow chirality
distribution.

With signiﬁcant advancements in controlled synthesis of
SWNTs, applications relying on prepared SWNTs have
ﬂourished. Although the overall number of SWNT-related
publications and funding has declined in the past few years, it
is believed that SWNTs are on the “slope of enlightenment” in
the Gartner Hype Cycle curve.445 Such a resurgence is
supported by recent industrial involvement and global increase
in research funds, suggesting that SWNTs still have a bright
future ﬁlled with important scientiﬁc recovery. The challenges
are ahead, shall we take them?

6.4. Fabrication of SWNT Devices

As promising candidates for next generation nanoelectronics,
horizontal SWNT arrays could serve as core components in
future nanodevices, such as interconnects, FETs, and
integrated circuits. Despite the major milestones achieved,
further improvement in SWNT array preparation and device
fabrication are required to advance SWNT-based nanoelectronics. To prepare highly conductive interconnects,
dense SWNT arrays consisting of mainly metallic SWNTs,
which can carry large current, are of great importance. With
aggressive dimensional scaling, the physics of the interconnects
and dielectric materials would become a signiﬁcant concern;
therefore, a comprehensive understanding of the limitations
imposed by the degrading performance of interconnects should
be provided. Future innovation on SWNT interconnects also
requires innovations for the interconnect architecture.
As the backbone of many SWNT-based nanodevices,440−443
the SWNT FET is considered the most promising candidate
that could replace Si transistors in the future. Figure 73 shows
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