5898  wileyonlinelibrary.com

ADVANCED
MATERIALS

'a\}

www.advmat.de

Me \Vier’S

www.MaterialsViews.com

State of the Art of Single-Walled Carbon Nanotube

Synthesis on Surfaces

Yabin Chen, Yingying Zhang, Yue Hu, Lixing Kang, Shuchen Zhang, Huanhuan Xie,
Dan Liu, Qiuchen Zhao, Qingwen Li, and Jin Zhang*

Single-walled carbon nanotubes (SWNTs) directly synthesized on surfaces

are promising building blocks for nanoelectronics. The structures and the
arrangement of the SWNTSs on surfaces determine the quality and density of
the fabricated nanoelectronics, implying the importance of structure
controlled growth of SWNTs on surfaces. This review summarizes the recent
research status in controlling the orientation, length, density, diameter, metal-
licity, and chirality of SWNTs directly synthesized on surfaces by chemical
vapor deposition, together with a session presenting the characterization
method of the chirality of SWNTs. Finally, the remaining major challenges are

discussed and future research directions are proposed.

1. Introduction

Structure determines properties. Carbon element can form
many different kinds of low-dimensional allotropes, including
Cqgo, carbon nanotube (CNT) and graphene. CNT, as a typical
one-dimensional nanomaterial, possesses unique chiral struc-
ture and superior properties. During the past two decades,
CNTs have drawn great attention due to their superior elec-
trical, thermal, mechanical properties and numerous promising
applications in many fields.'* Particularly, single-walled CNTs
(SWNTs), with their fascinating electronic properties, are one
of the most attractive candidates to be used as building blocks
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in the next generation nanoelectronics.
Plenty of functional nanodevices based
on SWNTs, such as the elemental p-type
and n-type field effect transistors,>® and
integrated ring oscillator,”) have been con-
tinuously emerged. And very recently, a
CNT computer® with its central processor
entirely based on CNTs has been demon-
strated, further proving the potential of
CNTs to replace silicon-based semiconduc-
tors. Towards their practical applications,
the large scale and controlled synthesis of
SWNTs is the first step. Since its discovery
in 1993,01% various methods, including
arc-discharge, laser ablating method
and chemical vapor deposition (CVD), have been developed
to produce SWNTs. Among these methods, CVD is the most
promising one which could produce SWNTs with large-scale
and low-cost.) SWNTs could directly grow on the surface of a
substrate, which will greatly facilitate the fabrication of SWNT-
based nanoelectronics. The structural similarity of the various
SWNTs makes their controlled synthesis with great challenges.
In addition, the properties of SWNTs highly depend on their
chiral structures, such as the diameter, length, and chirality.
Therefore, structure controlled growth of SWNTs, especially
directly on surfaces, are highly desired for the fabrication of
SWNT-based electronics.

The structure of a SWNT can be viewed as a seamless rolled
up graphene. Depending on the rolling vector, the SWNTs could
have varied diameters (d), chiral angles (6) and handedness
(right-handed (R) and left-handed (L)). Figure 1 shows that a
graphene layer could be rolled up along different directions and
form SWNTs with similar diameters but different chiral struc-
tures. The rolling vector (n, m) can be used to describe the struc-
ture of a SWNT, including its diameter and chirality. Besides, the
length of SWNT is also a very important structural characteristic.
For SWNTs on a substrate, their relative orientation and areal
density on the surface are also crucial factors, determining the
density of the fabricated electronics. During the past, great efforts
have been paid to control the diameter, chirality, alignment,
length, and the density of as-grown SWNTs on surfaces, and
many exciting achievements have been made. At the same time,
many unsolved problems still remain and need further effort.

In this review, we first present the main aspects of the CVD
growth process of SWNTs on surfaces. Then, the progress in
controlling the orientation (alignment), the length, the areal
density, the diameter, the conductive type, and the chirality
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Figure 1. lllustration for the structure of SWNTs. (a) A graphene layer
could be rolled up along different directions to form SWNTs with dif-
ferent chirality. (b-e) SWNTs with similar diameters but different chiral
structures, including zigzag tube (19,0), right-handed chiral tube (16,5),
left-handed chiral tube (5,16), and armchair tube (11,11).

during the growth of SWNTs will be reviewed. There are still
big challenges toward the chirality controlled growth of SWNTs,
for which, the facile characterization of chirality is of impor-
tance. For this purpose, the progress in the determination of
chirality is also included. Finally, we conclude the challenges
and opportunities for future research toward the structure con-
trolled growth of SWNTs.

2. CVD Growth of SWNTs

Developing controlled growth method toward SWNTs with
uniform structures and properties is the key to advance prac-
tical applications of SWNTs in many fields. In the past twenty
years, several methods have been developed to produce SWNTs,
among which CVD is the most promising method for large
scale production of SWNTs. CVD has advantages of mild syn-
thesis condition, simple facility, high yield and low cost. In a
CVD process, the structures of SWNTs are strongly affected by
parameters such as temperature, substrate, precursors and cat-
alyst. In this part, we will overview the process of the synthesis
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of SWNTs on surface by CVD. Based on this, we will also dis-
cuss the relationship between catalysts and SWNTs.

2.1. Synthesis of SWNTs on Surfaces
Various synthesis approaches have been developed since the

discovery of SWNTs. Arc dischargel!!l and laser ablation['?! are
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the earliest techniques for successful SWNT growth. These
two methods played important roles in the preparation of
carbon nanomaterials, including SWNTs. However, the pro-
cess through arc discharge and laser ablation is hard to control.
Powder-like SWNTs obtained through these two approaches are
limited in the application of electronics due to the lack of effec-
tive dispersion and processing strategies. Furthermore, some
high-end applications such as nanoelectronics and field emis-
sion, require SWNTs on patterned surfaces or in special orien-
tations. These needs could be satisfied through CVD growth of
SWNTs. A conventional CVD system usually uses a resistive
or inductive heater as the heat source, being called as thermal
CVD. According to the pressure in the CVD process, CVD is
classified as atmospheric-pressure CVD (APCVD) and low-pres-
sure CVD (LPCVD). Besides, plasma-enhanced CVD (PECVD),
where a plasma source is used to enhance the reaction, is also
widely used. As schematically illustrated in Figure 2a, the pro-
cess of CVD is a catalytic conversion of a gaseous precursor at
high temperatures into a solid material at the surface of catalyst
particles.'>l During this process, the factors influencing the
structures of SWNTs could be analyzed through the interaction
of gas, catalyst, substrate, and the SWNT, as shown in Figure 2b.
I1 to I6 symbolize the interactions between each two factors.
These factors are interrelated and affect the structures of
SWNTs together.

In the CVD growth of SWNTs, there are many factors
affecting the structures of the SWNTs, leaving plenty of space
for the structure controlled growth of SWNTs. For examples,
a large number of carbon precursors including gaseous mol-
ecules,! and liquid molecules,/'® such as carbon monoxide,
methane, acetylene, ethylene, alcohol, benzene and
cyclohexane, can be selected for the growth of SWNTs. Many

a)  Gas CNT
> &< =)
———
Cata]yst I Substrate

I
e e

= —— =

Figure 2. Illustration for the CVD process of SWNT growth. a) General
growth process of SWNTs in CVD. b) The interaction of various factors
in the growth of SWNTs. ; to I symbolize the interactions between each
two factors.
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materials, including metallic and non-metallic, could be used
as the catalysts for SWNTs. Besides, if we want to synthesis
SWNTs directly on surfaces, many kinds of single crystals and
amorphous substrates can be used. Furthermore, the tempera-
ture, atmosphere and pressure in CVD process could be con-
tinuously adjusted, which lead to many opportunities for the
controlled growth of SWNTs through CVD method. In the fol-
lowing, the catalysts for the SWNT growth and the mechanism
for the formation of SWNTs will be reviewed.

2.2. Catalysts for the CVD Growth of SWNTs

Catalysts are an extremely important factor affecting the struc-
tures of SWNTs.[7-31] Generally speaking, the size and the crys-
talline structure of catalyst nanoparticles influence the number
of walls,?2l diameter®? and chirality of SWNTs. The catalytic
activity and life of the catalysts determine the growth ratel?l
and the length of SWNTS, respectively. The relative locations of
catalyst nanoparticles determine the distribution and alignment
of the produced SWNTs.13334

A variety of metal elements could be used to catalyze the
CVD growth of SWNTs. Iron-family elements such as Fe,
Co, Ni and their alloys, which have the catalytic function of
graphite formation,l'”] are the most commonly used catalysts
for the growth of SWNTs. Au, Ag, Pt and Pd, as nobel metals
can also be used as the catalysts for the growth of SWNTs.[!8
Carbon atoms can be dissolved in both iron-family metals and
noble metals though their binding energies are different. Then
carbon atoms precipitate for the growth of SWNTs. Besides,
many other elements, such as Cu, Mn, Mo, Cr, Sn, Mg, and
Al, have been proved to be suitable to catalyze the growth of
SWNTs.[1]

However, the existence of thick graphite layers encapsulating
metal nanoparticles severely limit the application of SWNTs
in many fields.? In order to resolve problem of the residual
metallic catalysts, non-metallic nanoparticles have been investi-
gated as the catalysts for SWNT growth. The first clear evidence
of non-metallic catalyst growth of SWNTs was observed on
6H-SiC surface in 2002.21 The SWNTs formed highly ordered
networks on and below the surface with a narrow diameter dis-
tribution, indicating that non-metallic nanoparticles could cata-
lyze the growth of SWNTs with controlled structures. In 2007,
semiconductor nanoparticles, such as SiC, Ge, and Si, were also
reported as catalysts for catalytic growth of SWNTs and double-
walled CNTs in CVD using ethanol as precursor.??l These par-
ticles have a cluster-like structure, and CNT caps form on the
surface. However, many researchers did not pay much atten-
tion to non-metallic catalysts until 2009. Homma and his co-
workers found that nano-diamonds can catalyze the growth of
SWNTs. Similar to the vapor-solid-solid (VSS) mechanism for
the growth of semiconductor nanowires from a solid particle,?*!
the formation of SWNTs from nanodiamonds occurs via the so-
called vapor-solid surface-solid (VSSS) mechanism.? Carbon
atoms can not be dissolved in nano-diamonds, instead, they dif-
fuse on the surface of the nanoparticles to promote the growth
of SWNTs. In the same year, Huang et al.”®) made surprising
progress on the exploration of growth catalysts of SWNTs. They
reported that many oxide nanoparticles including SiO,, Al,O3,
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TiO,, Er,0; and all lanthanide oxides except promethium oxide
are active for the growth of SWNTs. They proposed that nano-
sized particles are in a molten status at high temperature. The
atoms can move around quickly, thus creating a space hole or
dislocation which might catalyze the decomposition of hydro-
carbon. The high curvature of nanometer-sized particles can be
templates for the formation of SWNT caps. The further growth
of SWNTs starts at the hemispherical caps.

The use of SiO,; as a catalyst for SWNT production is of par-
ticular interest due to their potential applications in silicon-
based technology. Cheng et al. found that the growth velocity
of the SWNTs from SiO, catalyst is 300 times slower than iron
group catalysts, which is only 8.3 nm/s.? In situ transmis-
sion electron microscopy (TEM) studies and density functional
theory calculations reveal that oxygen can enhance the capture
of -CH,, and play an important role in the CVD process.?’]

To summarize, a large variety of nanoparticles have been
confirmed to be suitable for CNT growth. Hereafter are ana-
lyzed important physical and chemical properties of the nano-
particles actually required to promote the controlled growth of
SWNTs.

2.3. Growth Mechanism

To study the growth mechanisms of SWNTs is very important
for the controlled growth of SWNTs. For metal catalysts, such
as Fe, Co and Ni, the most well accepted mechanism is the
vapor-liquid—solid (VLS) as shown in Figure 3a, which was first
proposed as a growth model for silicon nanowires.?®! In this
process, a metal catalyst particle is exposed to a hydrocarbon at
elevated temperatures. Carbon sources decompose into hydro-
carbon fragments. Then hydrocarbon fragments diffuse into
the catalysts, and upon super saturation, the redundant carbon
would precipitate into the SWNT caps along the catalyst sur-
face.?”) Besides, some carbon atoms could bind with the edge
of SWNTs directly®® and some other carbon atoms could dif-
fuse along the catalyst surface and contribute to SWNT growth.

In contrast, non-metallic catalysts, such as Si, diamond, and
SiO,, have very low solubility for carbon according to their
phase diagrams. Takagi et al. proposed VSSS model to explain
the growth of SWNTs on diamond surfaces.? In the envi-
ronment with depletion of carbon precursors, graphite island
is formed on the m-bond relaxed surface of the diamond. The
curved graphite island lifts off the particle surface except its
edge which acts as incorporation sites for carbon adatoms, and
then the formation of SWNT is induced. Besides the VSSS
growth mechanism, there are other hypotheses such as VSSB!
or VSP? (Figure 3b). They can be understood as a surface reac-
tion system.

For the growth of SWNTs on the surface, according to the
relative position of substrate, catalyst and SWNT, tip-growth
and base-growth modes have been proposed. In tip-growth
mode, the active catalyst detaches from the substrate and moves
forward during the growth of SWNT5, as shown in Figure 3c.**!
Base-growth mode is shown in Figure 3d.** In this case, the
whole nanotube moves away from the catalyst while the cata-
lyst stays in its original position. Both of these two modes have
been proved by in situ TEM studies.
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Figure 3. a) The classical VLS mechanism during SWNT growth from
metallic catalyst. b) The supposed VS mechanism during SWNT growth
from non-metallic catalyst. (a) and (b) are reproduced with permission.?
Copyright 2011, Elsevier. c) The tip-growth mode. d) The base-growth
mode.

Although significant progresses have been made in under-
standing the formation mechanism of SWNT, there are still
many challenges. To synthesis SWNTs with controlled chirality,
further studies on the mechanisms are required.

3. Orientation Control

SWNT arrays have been regarded as the functional building
blocks for future carbon nanoelectronics owing to their superb
structures and unique properties.?>3?) Comparing with the
random SWNT networks, aligned SWNT arrays with the iden-
tical density can effectively preclude both the mis-oriented ones
and tube-tube connections. Therefore, aligned SWNT arrays are
very favorable to fabricate integrated circuits and further reveal
their optimal performances.’”! For example, filed-effect tran-
sistors fabricated based on dense and perfectly aligned SWNT
arrays presented the scaled transconductance and device-level
mobility approximating 3000 S m™ and 1000 cm? V7! s7
respectively.?>l The scientists of IBM research center, as the
longtime leader of carbon nanoelectronics, have clearly claimed
that the desired SWNT arrays should be with a density of
125 nanotubes/pm and metallic impurity of less than
0.0001%.381 Definitely, this ultimate target for SWNT sample
preparation presents the tremendous challenges, and the
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essential prerequisite is how to realize the orientation con-
trolled synthesis of SWNTs. Although much effort has been
devoted to the post-growth treatment for SWNT arrays, such as
Langmuir-Blodgett assembly?” and blown bubbling method, %
the obtained SWNTs in these arrays are normally limited
by the short length, adsorbed contamination and uncertain
locations.*! In contrast, the as-grown SWNTS via catalytic CVD
system maintain their intrinsic chiral structures and clean sur-
faces, which are also compatible with the standard fabrication
procedure of silicon-based devices.’’*?l Hence, it is critical to
directly align SWNTs into parallel arrays during their growth.
Notably, there are two kinds of SWNT arrays, horizontally and
vertically,3] according to their interrelations between the grown
SWNTs and supported substrate. In this section, the former
will be mainly considered.

Nowadays, the orientation controlled growth methods can
be classified into three categories: gas flow directed,*4 surface
structure directed*>*%l and external field assisted,/*”! which are
validated at the interfaces between SWNTs and gas, substrate
and special field, respectively. As we know, the CVD system
seems like a complex black box, and all reactive conditions are
linked together to determine SWNT’s structures.*¥! The used
substrate, gas feedstock and temperature are three elementary
parameters for the growth process. Certainly, surface struc-
tures of substrate and state of gas flow can partially decide the
growth orientation of SWNTs under a suitable temperature
range. Surface structures contain crystallographic lattices and
atomic steps, both of which can bring the anisotropic interac-
tions to confine the SWNT’s growth along the homologous
directions.[**3% Following the surface directed mode, SWNT
arrays with high density are conveniently produced. In general,
the gas flow directed growth mode strictly relies on a stable
laminar flow and SWNT floats above the substrate,P!J so it nor-
mally works well at a higher temperature compared to surface

M
\ie'S
www.MaterialsViews.com

directed mode. Moreover, external fields can be introduced to
yield the applied force, which further guides the SWNT growth.
For example, the electric field has already exploited to not only
produce the aligned SWNT arrays, but also sort out the metallic
SWNTs.52 In addition, the different directed modes can play
their individual role at one CVD batch. So, their synergistic
effects can be developed to produce the complex architectures
of SWNTs.534 For instance, the cross-bar and serpentine
SWNTs can be obtained by combining gas flow-electric field?”!
and surface-gas flow directed modes,>® respectively.

3.1. Gas Flow Directed Growth Mode

The interfacial interactions between catalyst/SWNT and its
substrate can be strongly weakened with the increased temper-
ature. At a critical value, catalyst nanoparticles would remain
a floating state away from the substrate surface. As such, the
aligned orientation of SWNTs is entirely controlled by gas flow,
namely, gas flow directed growth mode as shown in Figure 4a.l*’]
It is well accepted that this directed mode follows the tip
growth mechanism. In situ sample rotation instrument was
established to investigate the detailed processes of the gas flow
directed SWNTs.P8l The obtained SWNTs exhibited various
morphologies by rotating the substrate during the growth pro-
cess, including cross-bars, kinks, curvatures and bundles. It
was also proven that the ‘total nanotube, not only upstream
segment, kept above the substrate during its growth. The
oscillatory motion perpendicular to nanotube axis, rather than
growth termination, led to the landing of SWNT onto surfaces.
Moreover, free-standing SWNTs could be prepared by using
specific substrates with patterned trenches.*# Absolutely, these
two phenomena evidently corroborate the gas-flow directed
mode.

5

-..|-|-I.|'|w

Figure 4. Orientation controlled growth methods of SWNTs. a, b) Gas flow directed growth mode and the obtained ultra-long SWNTs. (a) is reproduced
with permission.’”) Copyright 2010, American Chemical Society. (b) is reproduced with permission.’%) Copyright 2007, American Chemical Society.
¢, d) Lattice directed growth mode and the atomic force microscopy (AFM) image of aligned SWNTs. Reproduced with permission.*?l Copyright 2005,
American Chemical Society. e, f) Atomic nano-step directed growth mode and the grown SWNTs. Reproduced with permission.l*l Copyright 2004,
Wiley-VCH. g, h) Electric field directed growth mode and the suspended SWNTs. (g) is reproduced with permission.l2l Copyright 2011, Elsevier. (h) is
reproduced with permission.®”] Copyright 2009, Wiley-VCH.
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Gas flow directed mode has advantages on the synthesis of
ultra-long (Figure 4b) and suspended SWNTs with a superior
growth rate.’”) The floating catalyst is fully exposed because of
the absence of interaction with the substrate, which remarkably
improves its lifetime and activity. In this way, Zhu et al. firstly
synthesized 4 cm-long individual SWNT at a rate of 11 um/s
in 2004.100 SWNT’s length was only limited by the growth time
and furnace size. Accordingly, Wei et al. successfully prepared
55 cm-long few-walled CNTs with perfect structures in a mov-
able furnace.[®!] They found that its growth rate reached up to
88 um/s under the modified conditions, which was T'=1010 °C
and R (H,/CH,) = 2. Despite many efforts, it is noticed that
the density of horizontally aligned SWNTs is extremely low. It
mostly originates from many complex factors, including the
aggregation of nanoparticles, entanglement of short nanotubes,
and advanced falling down of SWNT’s tip.[®

Catalyst—substrate interaction and flow stability are the key
factors to optimize the CVD growth process. At present, the
available catalysts range from metallic to non-metallic nano-
particles,P33 which surely displayed the different interactions
with substrates. Aiming to decrease the catalyst-substrate inter-
action, silica nanoparticles have been dispersed on the substrate
surface to promote the growth of aligned SWNTs using Fe as
the catalysts.[®? Moreover, the results from molecular dynamic
simulations revealed that Cu possessed the weak interactions
with SiO, than the Fe.l®! Therefore, Cu nanoparticles were
preferable to be lifted up for preparing SWNT arrays at the
same temperature. Additionally, J. Zhang’s group found this
result also coincided on ST-cut quartz.l! Both fast heating®!!
and ultra-low feeding gasP® are significantly profitable to stable
the gas environment. As the result of fast heating, a convec-
tion flow was formed owing to the temperature difference,
which could lift up some nanotubes with the catalyst. Simi-
larly, the ultra-low gas benefited generating the steady laminar
flow, which was facile for guiding the aligned ultra-long SWNT
arrays.

3.2. Surface Directed Growth Mode

Surface directed growth mode essentially relies on the aniso-
tropic van der Waals interactions between SWNT and various
surface structures of substrate, including the crystallographic
lattice (Figure 4c),*>%7] faceted nano-steps (Figure 4e)*->0
and etched trenches.% Accordingly, it can be divided into lat-
tice directed and nano-step directed growth modes, which are
capable to prepare aligned SWNT arrays with high density. Si
(100) and (110) were firstly applied to guide the growth of large-
scale and horizontally aligned arrays.*’! Theoretical simulations
correspondingly showed the preferable potential energy when
SWNTs were along these directions. Subsequently, this kind of
substrates extensively consists of Al,O; (a- and 1- plane), mis-cut
quartz (Y-, ST-, R- and Z-cut), MgO, mica and graphene.[*?l Of
which, ST-cut quartz is the most widely and robustly used sur-
face due to its remained configurations under growth tempera-
ture. Joselevich et al. fabricated numerous faceted nano-steps
on the sapphire surface to regularly induce the orientation and
conformation of SWNTs. The obtained SWNTs also completely
reflected the atomics features on the surface, such as crystalline,
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facets, defects and kinks.’*) Moreover, this strategy was further
generally applicable to other nanomaterials, such as GaN and
ZnO nanowires.[®70]

The mild temperature, prefect structures and suitable cata-
lyst density are the critical requirements for surface directed
growth mode. With elevated temperature, gas flow can take the
place of surface to direct the SWNT. The active catalyst at the tip
of SWNT becomes larger by the random colliding and merging
with other nanoparticles on surface due to Ostwald ripening
effect. Meanwhile, the growing SWNT can alter its orientation
and form a ‘sickle’ shape on the basis of tip growth mecha-
nism.”! Besides, it is difficult to prepare surfaces with perfect
structures. The annealing process is an efficient manner to
reconstruct the surface atoms, and then observably improve the
crystal quality, like the calcination of ST-cut quartz at the 900 °C
for 8 h.1*] Tt is noteworthy that the SWNT growth on Al,O; pre-
sented a clear competition between lattice directed and nano-
step directed modes. Ago et al. systematically investigated four
kinds of A-plane surfaces with different step height and orien-
tation.”?l They found these two modes can cooperate to build
the unique curved networks of SWNTs, which especially hap-
pened at the edge of Al,0; with a large mis-cut angle. More-
over, the reason why some certain surface structures can direct
the growing SWNTs has remained an open question so far.
Jeong et al. performed the first-principles total-energy calcula-
tions and found that the SWNT alignment on sapphire attrib-
uted to the formed covalent bond between Al and C atoms.’?!
Comparatively, Zhou C.W. supposed the topmost layer of
oxygen atoms played the crucial role for sapphire,’* and the
alignment of SWNTs strongly correlated with their diameters.

3.3. External Field Directed Growth Mode

Interestingly, external fields, such as the electric and mag-
netic fields,*”7l besides the inherent CVD parameters,
can be introduced to be additional driving forces and to
facilitate the preparation of aligned SWNTs, As we know,
SWNTs seem like conducting molecular nanowires due to
their unique electrical property. The applied field can vali-
date the distinct dipole moment of SWNT, and the polar-
izability along its axis is greatly higher than that along its
radial direction. In this way, the corresponding force can be
applied to rotate and align the SWNTs as shown in Figure 4g.
Dai et al. firstly demonstrated the electric-field directed
growth of SWNTs.*l Tt was found that the suspended
SWNTs crossed the elevated poly-Si structures (Figure 4h).
Especially, this method worked well when electric field was per-
pendicular to gas flow, which evidently excluded the gas flow
effect. Furthermore, J. Zhang’s group realized the enrichment
of metallic nanotubes in electric field-assisted CVD systems
as shown in Section 7. Although the original mechanism is
unclear, magnetic field has already been utilized to direct the
growth orientation of SWNTs.”! Specifically, the alignment of
SWNTs was well parallel to the applied magnetic field.
Comparing three exploited growth modes, it is obvious that
the introducing of external fields demands complex apparatus
with a high-cost. The gas flow directed mode takes the unique
advantages to produce ultra-long SWNTs, while it severely
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relies on a stable laminar flow, which is affected by the tem-
perature, flow rate and location of substrate. Finally, the sur-
face directed growth mode enables the facile, scalable and con-
venient preparation of aligned SWNT arrays with high density,
especially on quartz substrates. Notably, the obtained SWNTs
on these insulating surfaces are quite unsuited for the fabrica-
tion of bottom-gated nanodevices or integrated circuits. In this
regard, many smart strategies have been exploited to transfer
the grown SWNTs onto Si wafers, including the PMMA-medi-
ated printing”®! and thermal release tape-based method.l””) Tt is
a great challenge to maintain the alignment of CN'Ts and com-
pletely remove the residuals during the transfer process.
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3.4. Construction of Complex Architectures

SWNTs with controlled geometries have attracted much atten-
tion in nanoelectronics and optoelectronics. The CVD growth
process combines with various influential factors, some of
which can jointly affect the geometries of prepared SWNTs.
Following the synergistic effect of different directed modes,
aligned SWNTs can form plenty of complex architectures,
including serpentine SWNTs (Figure 5a),’%! cross-bar SWNTs
(Figure 5b and c)P>%%l and SWNTs with specific turning angles
(Figure 5d).7>8 Serpentine SWNTP® results from the sponta-
neous self-organization by crinkling individual ultra-long one

d)

Figure 5. Construction of complex architectures by combining different directed growth modes. a-d) are the schematic illustrations of serpentine SWNT
on quartz, cross-bar SWNTs in one CVD batch, cross-bar SWNTs by electric field and surface directed modes, and chirality dependent alignment of
SWNT on graphene, respectively. (a) is reproduced with permission.’®l Copyright 2009, Wiley-VCH. e-h) are the scanning electron microscope (SEM)
images of aligned SWNTs on ST-cut quartz, quartz (001), MgO (001), and mica, respectively. i-l) are the typical images of serpentine SWNTs on ST-cut
quartz, quartz (001), MgO (001), and mica, respectively. (e-l) are reproduced with permission.’”l Copyright 2012, Elsevier. m, n) are the cross-bar
SWNTs by combining gas flow-lattice and electric field-facet directed modes, respectively. (b) and (m) are reproduced with permission.[®¢ Copyright
2009, American Chemical Society. (c) and (n) are reproduced with permission.> Copyright 2006, American Chemical Society. o, p) are the AFM and STM
images of SWNTs on graphite surfaces, respectively. (d), (o) and (p) are reproduced with permission.®% Copyright 2013, American Chemical Society.
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(Figure 5e) into many straight and parallel segments (Figure 5i),
which can be achieved by combining the gas flow and sur-
face directed growth modes. In this case, two key forces
compete to determine the length of parallel segments and
space of serpentine shape, which are the lattice-align-
ment force from substrate and shear friction force from
the gas flow. During the landing process onto crystal sur-
face, ultra-long SWNTs occasionally change its direction to
follow the surface lattice because of the lattice—alignment
force. We found that the gentle decrease of temperature and
stable laminar flow can significantly improve the parallel
length and reduce the spaces between parallel segments.”®!
Moreover, the detailed analysis of AFM images indicated that
the spaces also increased with the SWNT’s diameters, which
was exactly consistent with higher mechanical stiffness of
larger SWN'T5.°% Accordingly, it is supposed that the electric
field, replacing the gas flow, may work well to produce serpen-
tine SWNTs on crystal surfaces. To the best of our knowledge,
there is still a lack of related reports.

As we know, the interfacial interactions between SWNT and
underlying substrate play a key role in its growth direction. On
the basis of fundamental crystallography, there are five kinds of
symmetries for all crystal materials, i.e., 1-, 2-, 3-, 4- and 6-fold.
Besides the popular used quartz and sapphire substrates with
2-fold symmetry, we systematically studied the SWNT growth
using quartz (001), MgO (001) and layered mica as substrates
with 3-, 4- and 6- fold symmetry, respectively.””] Interestingly,
the obtained SWNTs also presented the homologous turning
angles of 120°, 90° and 60° due to their anisotropic interactions
as shown in Figures 5f and h. Analogous to ST-cut quartz, ser-
pentine SWNTs along the corresponding three, four and six
directions were also prepared by combining two directed modes
as shown in Figures 5j, k and 1, respectively. Interestingly, the
aligned SWNTs can shape into closed loops due to the special
angles, like ‘T” and ‘V’.

In addition, cross-bar SWNTs mean the orthogonal architec-
tures of aligned SWNTs from different directed modes. Now-
adays, three synergistic effects have been artfully designed to
construct the cross-bar SWNTs: gas flow-gas flow, gas flow- lat-
tice and electric field-lattice. Firstly, the cross-bar structures can
be conveniently prepared through twice the gas flow directed
growth process, and importantly the patterned catalyst strips
should be perpendicular to each other.* Secondly, J. Zhang’s
group constructed the cross-bar SWNTs on quartz in one CVD
batch by the gas flow and lattice directed modes (Figure 5m).
This method indicated that the lattice directed SWNT was
accomplished in advance, and then the ultra-long SWNTs
directed by the gas flow fell onto its surface.l®l Finally, an elec-
trical field can take the place of a gas flow to produce ultra-long
SWNTs. The typical AFM image was shown in Figure 5n.5

Among all above methods, the obtained SWNT5s along each
direction are a mixture of different chiral structures. Graphene,
an allotrope of carbon, refers to a monolayer of tightly packed
atoms with two-dimensional honeycomb lattice.®! The van
der Waals interactions between different graphene layers are
strongest when their configurations are AB stacking. Similarly,
this equilibrium configuration can be achieved to the interface
between SWNT and graphene. In this way, we demonstrated
the chirality dependent alignment of SWNTs on a graphite
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surface (Figure 5d).2% AFM results in Figure 50 revealed that
the serpentine SWNT was produced along two directions due
to the Dy, symmetry of graphene. Also, the angles between
SWNTs and etched graphene trenches were arbitrary, like 69.8°.
Furthermore, scanning tunneling microscopy (STM) charac-
terization was performed to investigate their interfacial struc-
tures. The atomically resolved image clearly showed that there
is chirality-selectivity in the alignment of SWNTs on graphene
(Figure 5p).

4. Length Control

It is known that SWNTs have a high degree of aspect ratio,
with up to macro-scale length along the axial direction while
only nanometer scale of diameter. The length of individual
SWNT along its axis can be measured directly using SEM with
different voltage contrast® or optical microscopes with it dec-
orated with nanoparticles.®3 It is proved that the unique prop-
erties of SWNTSs, such as thermal conductivity,#*#°] electronic
transport properties,® are related to their length. Besides, in
order to meet the requirements of some applications, SWNTs
with certain lengths are in need.®”#% As far as it is concerned,
SWNTs with certain lengths can be obtained by two approaches.
One is through top-down strategy. Through the post-treatment
process, SWNTs with different lengths can be cut into SWNTs
with a uniform length. There are many post-treatment methods
to achieve SWNTs with uniform lengths, such as mechanical
forcel*%992] or chemical reaction.”®*! The other method is
based on bottom-up strategy, which means that SWNTs with a
certain length are selectively grown.?695% However, the top-
down approaches often introduce some impurities, defects
and even functional groups on the surface of SWNTs, which
do great damage to the original properties of SWNTs. In the
following part, we will first review the growth of ultra-long
SWNTs, which could be used to further produce SWNTs with
a uniform length through top-down methods. Then, the direct
growth of SWNTs with a certain length using a nano-barrier
will be introduced.

4.1. Synthesis of Ultralong SWNTs

Gas-flow-directed CVD is one of the most effective method to
prepare SWNTS arrays with ultra-long length!*+°-%°1 (Figure 6).
It is well known that the route of gas-flow-directed growth pro-
cess follows kite-mechanism,!l where catalysts lodge on the
top of the as-grown SWNTs with successively dissolving and
precipitating carbon atoms. With the floating grow process,
the catalysts have more opportunities to contact with carbon
sources to grow SWNTs, which benefit for the high growth rate
of SWNTs and lead to the growth of ultra-long SWNTs. In 2002,
with well-defined patterned catalyst nanoparticles, Dai et al.
got 0.6 mm SWNTs at a growth speed more than 1 pum/s
(Figure 6a).°%) Then, in 2004, Liu et al. reported a “fast-heating”
process, which produced ultra-long SWNTs (Figure 6b) at
a rate of 3 pm/s in a CO/H,; system and 20 pm/s in a CH,/
H, system.**>! In the same year, Zhu et al. grew 4-cm-long
SWNT (Figure 6¢) at a grown rate of 11 um/s using ethanol as
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Figure 6. The length of ultra-long CNTs evolves with time. a) SWNTs grown with well-defined patterned catalyst nanoparticles. Reproduced with per-
mission.I”l Copyright 2011, Elsevier. b) Ultra-long CNTs grown with “fast-heating” process. Reproduced with permission.[*+311 Copyright 2003, Wiley-
VCH and Copyright 2004, American Chemical Society. c) 4-cm-long SWNTs grown with ethanol as the carbon source. Reproduced with permission. (¢
Copyright 2004, Nature Publishing Group. d) 10-cm-long SWNTs grown with more stable laminar flow. Reproduced with permission.l”l Copyright 2005,
American Chemical Society. ) 18.5-cm-long SWNTs grown with a super-aligned CNT film to support the catalysts. Reproduced with permission.[®®l
Copyright 2009, American Chemical Society. f) 55-cm-long CNTs grown with furnace-moving method. Reproduced with permission.? Copyright 2013,

American Chemical Society.

the carbon source.l% In 2005, with more stable laminar flow to
stabilize the catalysts at the tip of growing SWNTs (Figure 6d),
Kwang et al. grew 10 cm SWNTs with about 9 pm/s growth
speed.”’] In 2009, by using a super-aligned SWNT film to sup-
port the catalysts, 18.5-cm-long SWNTs has been synthesized at
a growth rate up to 40 pm/s (Figure 6e).%® In 2010, Wei et al.
achieved even higher growth rate of 90 pm/s and pre-
pared 20-cm long few-walled CNTs by introducing trace of
H,0.57

Obviously, many factors can affect the growth rate and the
maximum length of the produced long SWNTs. It is important
to understand the dependence of the length on various para-
meters. Recently, Wei et al. analyzed the length distribution
of horizontal ultra-long CNT arrays and the catalysts activity/
deactivation probability. They found that the relative ratios of
CNTs with different lengths®® could be described by Schulz-
Flory distribution, which is a mathematical function that usu-
ally be used to describe the relative ratios of liner condensation
polymers of different length. The catalyst active life is the most
important factor determining the length of CNTs. In order to
keep the catalyst activity as long as possible during the growth of
CNTs, Wei et al. have explored the optimal operation parameter,

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and prepared 55-cm-long CNTs (Figure 6f) at a growth rate of
5 mm/min.[%%

4.2. Synthesis of SWNTs with a Certain Length

The active growth time and growth rate of SWNTs depend on
the activity and lifetime of the catalyst. However, it is difficult
to stabilize all the catalyst nanoparticles at the same activity
level; in another word, it is hard to make all SWNTs the same
length at one synthesis process. To selectively grow SWNT
arrays with certain length, one easy way is confining the spa-
tial termination position of growing SWNTs, which means to
obstruct the growth of SWNTs by instantaneously stopping the
catalysts’ activity possibility with additional barriers at a certain
position. Firstly, taken the gas-flow-directed growth mode into
consideration, ultra-long SWNTs are floating upon substrates,
it will inevitably influence the gas flow and the growth of
SWNTs if a barrier is put downstream to confine the growing
SWNTs, whose height need to be higher than the flying height
of SWNTs. Besides, if the grown SWNTs abided by surface
directed growth mode, the SWNTs will grow along the specific

Adv. Mater. 2014, 26, 5898-5922
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direction on the substrate surface. It can be understood that
any sags and crests occurred on the single crystal substrate sur-
face will affect the alignment of SWN'T5. Taken in these senses,
a convenient way to control the lengths of as-grown SWNTs is
to fabricate an obstacle on the single crystal substrate surface
to block growing SWNTs. The most typical example is to pre-
define the separation distance of catalyst lines to grow SWNT
arrays on quartz substrate (Figure 7a and D), so the catalyst
line can catalyze growth of SWNT5s and simultaneously be bar-
riers to limit the growing SWNTs across them.’"1% Similarly,
Rogers et al. introduced a layer of amorphous SiO, onto quartz
surface, and SWNTs terminated at the edge of the SiO, layer
because of the surface relief.'% We have studied the lattice-
directed grown SWNTs on quartz substrates terminated with
ultra-long SWNTs as barriers!® (Figure 7c and d). Firstly,
SWNT nano-barriers were grown on a quartz substrate by the
gas-flow-directed mode, and then lattice-directed SWNTs were
grown. Since the gas-flow-directed grown SWNTs generally
have a lager diameter than the lattice-directed grown SWNT5,
the first grown SWNTs can act as natural barriers to obstacle the
lattice-directed SWNT5 to cross over. Our results showed that
the lattice-directed grown SWNTs terminated when reached the
SWNTs nano-barriers on the quartz substrate.

5. Density Control

Toward the fabrication of highly integrated circuits, well-
aligned SWNT arrays with high density are highly desired. As
mentioned in Section 3, the scientists of IBM research center
have claimed that the desired horizontal SWNT arrays should
have a density of 125 nanotubes/pm. There are several kinds of
high density SWNTSs, including vertically aligned SWNTs, #3101
random SWNT film,['92-1%] horizontal SWNT arrays,°%:106-108]
and so on. This section will mainly focus on the horizontal
SWNT arrays on substrates.

) SI———ETRTTIIY c)
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5.1. Growth of High Density SWNT Arrays

To achieve high-density horizontal SWNT arrays, scientists
have developed lattice- or step-directed growth methods of
SWNTs.[#950 As we know, catalyst nanoparticles are the most
important factor in the growth of SWNTs. Since SWNTs are
grown from catalyst particles, SWNT arrays with ultra-high
density could be obtained if there are high density catalyst
nanoparticles and all of them could catalyze the growth of
SWNTs. Unfortunately, not all the catalyst particles are active in
the growth of aligned SWNTs. Thus, to improve the percentage
of active catalyst nanoparticles are of high importance for the
growth of high density SWNT arrays.

Liu and co-workers have produced high-density and per-
fectly aligned SWNT arrays on an ST-cut quartz substrate using
patterned copper as a catalyst and ethanol as the carbon source
(Figure 8)."Y1 As shown in Figure 8d, the density could be more
than 50 SWNTs/pum. However, the reason why it could reach so
a high density is still not clear. They supposed that much H,0
vapor can be obtained by dissociation of ethanol at high temper-
ature, which made copper nanoparticles to keep high catalytic
activity.19109 In their further study, a dense array of parallel
SWNTs with densities of 20-40 SWNTs/pum on Y-cut quartz
surface were synthesized by a multiple-cycle CVD method
(Figure 8e).1% The carbon source was stopped for several
minutes intermittently in the growth process of SWNTs. New
SWNTs were found to grow in the new CVD process. It means
at least a part of catalyst particles could keep their catalytic activ-
ities after a CVD process. And they confirmed that more cata-
lyst particles could be activated during the multiple CVD cycles.
Rogers and co-workers reported another multiple CVD growth
of SWNT arrays with high density.''!l As shown in Figure 9a,
iron catalyst lines were firstly patterned on an ST-cut quartz
substrate. After one ethanol CVD growth, SWNT arrays were
grown in a direction orthogonal to the catalyst lines (Figure 9b).
Then a narrow line SWNTs were removed by patterned oxygen

Lattice-
directed

Figure 7. a, b) SEM and AFM images of high-density and perfectly aligned arrays of long SWNTs on quartz substrate. Reproduced with permission.%
Copyright 2003, American Chemical Society. The bright stripes correspond to catalyst lines. ¢, d) Schematic illustration of nano-barriers-terminated
growth of SWNTs on quartz substrate and typical SEM images. Reproduced with permission.I>! Copyright 2009, Springer.
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Figure 8. a, b) SEM images of high-density SWNT arrays on the ST-cut quartz substrate using patterned copper catalyst. ¢) High-magnification SEM
image of the SWNT arrays. d) AFM image of high-density SWNT arrays. (a-d) are reproduced with permission.”"] Copyright 2008, American Chemical
Society. e) Schematic illustration of growing high-density SWNT arrays by three-cycle CVD growth. Reproduced with permission."% Copyright 2011,

American Chemical Society.

plasma (Figure 9c). After depositing new iron catalyst lines in
the region (Figure 9d), a second ethanol CVD growth was per-
formed and new SWNT arrays were obtained (Figure 9e). The
conditions for the second growth should be carefully selected to
protect pre-existing SWNT arrays from being damaged in the
process of annealing and reducing the catalyst. In this way, the
density could reach about 20-30 SWNTs/pm uniformly over
the entire growth area and could be ~45 SWNTs/pm in some
regions. The above methods to improve the density of SWNTs
are all base on the treatment of catalyst particles. The first
one keeps the copper catalyst activity. The second method is
multiple-cycle CVD growth, which make catalyst nanoparticles

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

have more chance to nucleate SWNTs. The third method is
adding in new catalysts to grow new SWNT.

For SWNTs growing on sapphire substrates, Ago and co-
workers have achieved SWNT arrays with controllable density
using Fe-Mo nanoparticles as catalysts. The density of their
produced SWNTs could reach >20/pm?2.''? They have also
studied catalytic activities of single and binary metal catalysts
for SWNT arrays growth on sapphire. And different density
SWNT arrays could be achieved with varied CH, concentra-
tions.[''3! In principle, SWNT arrays with even higher density
may be obtained by combining the advantages of the above
methods.

Adv. Mater. 2014, 26, 5898-5922
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Figure 9. a-e) Schematic illustration of growing high-density SWNT arrays by multiple CVD cycles. f) SEM and AFM images of single and double
growths of SWNTs on quartz substrate. (a—f) are reproduced with permission.""l Copyright 2010, Wiley-VCH.

5.2. Multiple Transfer Process for High Density SWNT Arrays

Zhou's group developed a post-treatment method to prepare high
density SWNT arrays.[!!4l Firstly, they have grew SWNT arrays
with density 15-20 SWNTs/pm throughout the quartz sample
using LPCVD technique. And then as shown in Figure 10,
a stacked multiple transfer technique was developed to transfer
the SWNT arrays from multiple starting quartz samples to
one Si/SiO, substrate or many other target substrates, which
could multiply the density of SWNT arrays. In theory, it could
be repeated many times and thus obtains extremely high-den-
sity SWNT arrays. However, it would be difficult to keep the
well alignment of SWNT arrays every time. They could repeat-
edly operate the same multiple transfer technique up to four
times without any problem and achieve SWNT arrays with
55 SWNTs/pm after four time transfer. In fact, the SWNTs

Adv. Mater. 2014, 26, 5898-5922
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after transfer are not as straight as before, which could lead to
increased tube-to-tube interactions, and limit the performance
of SWNT nanodevices.

6. Diameter Control

Electronic properties of SWNTs highly depend on the struc-
ture of the SWNTs, including the diameter and the chirality.
Therefore, for many applications, especially for nanoelec-
tronics, the selective growth of SWNTs with certain diameters
and chiralities is very important. Among the conditions in
CVD system, catalyst, temperature and gases are the most
important factors determining the diameters of the SWNTs.
In this part, the relationship between the size of catalysts and
the diameters of SWNTs will be reviewed, and then, the effect
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of temperature and gases will be reviewed as well. Based
on the understanding of the mechanisms governing the
diameters, SWNTs with specific diameters might be selec-
tively prepared.

6.1. Dependence of Diameter on Catalysts

The diameters of SWNTs directly depend on the diameter of
catalysts,'"*] as proved by the observation.l'">-118 Dai’s groupl'!’l
proved the positive correlation between catalyst diameter and
SWNT diameter. As shown in Figure 11a, they use iron-storage
protein, ferritin, to synthesis discrete catalyst with tunable
diameters.

The ferritins contained different amounts of iron atoms were
stabilized against agglomeration in aqueous solutions because

-
-
J

Transfer to Si/SiO,
substrate by
stacked transfer

i
4'|,\‘ [‘ iph |‘

[ B\ “, '
e)

Figure 10. a) Schematic illustration of using stacked multiple transfer process to further increase
the SWNT arrays density. b) SEM image of the as-grown SWNT arrays on quartz substrate with a
density of 15 SWNTs/pum. c-e) SEM images of SWNT arrays transferred to Si/SiO, substrates with
one-time, two-time, and four-time transfer, respectively. The corresponding average densities are
15, 29, and 55 SWNTs/pm. (a—e) are reproduced with permission.['"l Copyright 2010, Springer.
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of functional groups on the proteins, and
would be isolated when deposited on sub-
strates. The organic shell was removed on
the high temperature and mono-disperse
oxidized iron core was got. Then the discrete
nanoparticles were used as a catalyst to pro-
duce SWNTs by CVD, and the diameters of
SWNTs were characterized. They found that
the diameter of SWNT was slightly smaller
than that of a catalyst. By in situ TEM, the
growth of SWNTs from the isolated cata-
lysts and catalyst nanoparticles was directly
observed. Because the sizes of the metal
nanoparticles are difficult to control, the
produced SWNTs typically exhibit a large
diameter distribution from 1 to 5 nm.[!20
To realize a better control of the diameters
of catalysts, Itami and co-workers used well-
defined carbon nanorings as templates.['?!
[N]cycloparaphenylenes ([n]CPPs) are a series
of molecules that have different diameters
depend on the number [n]. Two kinds of
CPPs were mainly reported in their work,
which are [9]CPP and [12]CPP. The diameter
of [9]CPP is 1.2 nm, while that of [12]CCP is
1.7 nm. As shown in Figure 11b, the diam-
eters of SWNTs have a narrow range, and the
distributions are different between different
catalysts. When using [12]CCP as catalysts,
most of the SWNTs were distributed in the
diameter range of 1.3-1.7 nm, which is close
to that of [12]CPP. Many methods to prepare
uniform catalysts have been developed. Lieber
et al.l'?2l used Fe(CO)s as the reactant and
oleic (lauric and octanoic) acid as the capping
ligand to yield iron cluster solutions with
distinct and nearly mono-disperse diameters
firstly, and then used these clusters as the cat-
alysts on the oxidized silicon surfaces to grow
SWNTs with ethylene or methane precursors.
In their experiments, the SWNTs obtained
from iron nanoclusters with average diame-
ters of 3, 9 and 13 nm had diameters of 2.6 +
0.8,7.3+2.2and 11.7 + 3.2 nm, respectively. Besides, Liu et al.l'?]
used a series of molecular nanoclusters as catalyst which were
synthesized by Muller and his coworkers.'?#125] The molec-
ular nanoclusters are based on the molybdenum oxide which
has the specific composition. In their experiment, they chose
[ H.P < Mo,,0,H,Moy;Fey; (CH;COO),; Oy, (H,0) ]-60H,0  as
catalyst precursors and wuse 3-aminopropyltriethoxysilane
(APTES) to modify the silicon dioxide to avoid the aggregation.
They finally got a narrow range of diameter as they expected.
Recently, J. Zhang’s group reported a method for controlling
the diameter of SWNTs by the SiO, nanoparticles.?” Through
the process shown in Figure 12a, SWNTs were grown with
different range of diameters by depositing different layers of
APTES on Si substrate (Figure 12b). Using these SiO, nanopar-
ticles as nucleation centers, the final diameter distribution of
nanotubes are correlated with that of SiO, nanoparticles.
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Figure 11. a) TEM images showing particle- SWNTs relationships. Dark dots at the bottom of the images are the discrete nanoparticles. Scale bars
are 10 nm. Reproduced with permission.['"®l Copyright 2001, American Chemical Society. b, c) TEM images and diameter distribution of SWNTs grown
from [12]CPP (b) and [9]CPP (c). (b) and (c) are reproduced with permission.l'?'l Copyright 2013, Nature Publishing Group.

6.2. Dependence of Diameter of SWNTs on Temperature the diameters of SWNTs. One effect of temperature is

inducing the aggregation of catalyst. The higher growth tem-
Temperature is another major factor affecting the diameters of ~ perature is, the faster diffusion of catalyst is at nanoscale.
SWNTs. As mentioned in the above, the sizes of catalyst nano-  Because of the Ostwald Ripening, the small catalyst par-
particles always play the most important role in determining  ticles will become smaller and the bigger particles will
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Figure 12. a) A diagram of diameter controlled growth of SWNTs from SiO, nanoparticles. b) Thickness variation of APTES layers as a function of
solution concentrations. c) AFM images of assembled APTES layers when the concentration was 2.0 x 10, 2.0 x 1073, 1.5 x 1072 and 1.5 x 107" M,
respectively. The scale bars are 0.25 um. (a-c) are reproduced with permission.33 Copyright 2011, Elsevier.

=
~

-
(-]

-
N

Thickness (A)
)

12 g 20 Y 20 30 o
Diameter (nm) Diameter (nm)

se

Adv. Mater. 2014, 26, 5898-5922 © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 5911



5912

ADVANCED
MATERIALS

'45

www.advmat.de

become bigger. According to this, different range of dia-
meter of catalysts will appear at different temperature. At
the same time, a certain amount of carbon resource will fit
to some catalysts with proper diameter to grow SWNTSs,
while others will not. Catalysts with smaller diameter will
be poisoned by the amorphous carbon, and some cata-
lysts with bigger diameter cannot grow SWNTs due to the
absence of enough carbon.['?®! As a result, SWNTs with the
same range of diameters to that of catalyst will be obtained.
Generally, when the growth temperature becomes higher,
the range of diameter distribution becomes bigger, and the
diameter of SWNT will be bigger, too. Actually, the diameter
of SWNT and temperature has more complicated relation.
J. Zhang's group!'?’] reported that, the diameter of a SWNT

low temp. = high temp.

M
N
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could be controlled by changing temperature. Figure 13 shows
that an oscillation of the diameter of a SWNT will happen
with varying temperature. Higher temperature led to thinner
SWNTs while lower temperature led to thicker ones. Zhang
et al. also believed that the diameter of SWNTs changes are
highly correlated to their primary diameters. Also, there will
be various probabilities of different diameter changes below
a maximum, depending on the initial diameter. If the pri-
mary diameter is around 1.6 nm, the diameter will change
the most, and the maximum diameter changes will be much
lower for SWNTs with a larger or smaller diameter. Obviously,
it indicates that the diameter modulated by temperature is
limited. In addition, the relationship between the tempera-
ture and diameter was also calculated based on this model.
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Figure 13. The relationship between the change of diameter (Ad) and the initial diameter: a) from low temperature to high temperature (Ad = |d,-d;|);
b) from high temperature to low temperature (Ad = |d,-ds|). ¢) The ascending temperature-time curve and typical results of an ultra-long SWNT grown
under the temperature-time process in panel. (a-c) are reproduced with permission.l'?’] Copyright 2003, American Chemical Society.
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6.3. Dependence of the Diameters of SWNTs on Gas Feeds

Besides catalysts and temperature, gas feeds, such as dif-
ferent carbon resources, also have some effects on the diam-
eter of SWNTs.[12-133] For example, the SWNTs produced
from CH, have larger diameters and broader distributions
than those obtained from CO, due to the introducing of
hydrogen, a byproduct of the CH, decomposition reaction.
Daf's group found that hydrogen existing in the gas has
a dual effect on the nucleation of carbon, the formation of
the SWNT’s cap and the growth of the SWNT.I!l Except
increasing the rate of reduction and sintering of metal clus-
ters, hydrogen also prevents the nucleation of carbon species
on the surface of catalysts by decreasing the carbon sur-
face variation. As a result, the formation of the cap occurs
at a larger size and the cap defines the diameter of SWNTs.
Besides, changing the percentage of hydrogen in the gas
also influence the diameter of SWNTs. Other gases, such
as NH;,[?°l can play the similar role as hydrogen and have
also been used to promote the production of large-diameter
SWNTs with a narrow diameter distribution. It is proposed
that small amounts of NH; could work as an etching agent
to etch the nanotubes with smaller diameters due to their
higher curvature, thus lead to a slightly enlarged average
diameter of the produced nanotube. In contrast, Kauppinen
et al.3" argued the NH; etching action may affect on the cat-
alyst clusters during nucleation, especially on the dangling
bonds at the growing edge of the hexagonal network, sup-
pressing the growth of smaller chiral angle tubes that have
relatively more dangling bonds.

7. Semiconducting/Metallic Property Control

Generally, the as-produced SWNTs always contain both metallic
(m-) and semiconducting (s-) ones, normally with a ratio of 1/2,
which will dramatically decrease the performance of SWNT
devices. For many applications, especially in electronics, the as-
produced SWNTs must be separated into metallic and semicon-
ducting before use. During the past decades, some separation
approaches have been developed, including in situ growth and
post-growth separation.
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7.1. In Situ Growth of S-/M- SWNTs

For the in situ growth separation of s-/m- SWNTS, there are two
typical approaches, which are a weak oxidative gas method and
external field perturbation. The introduction of weak oxidative
gas during the growth of SWNTs is proved to be an efficient way
to preferentially grow s-SWNTs. In 2009, Liu et al. reported the
selective growth of well-aligned s-SWNTs on quartz substrate
using ethanol/methanol as the carbon feeds and copper as cata-
lysts.l13% The percentage of s-SWNTs in the arrays was more
than 95%, as determined by both Raman spectroscopy and elec-
trical measurements. The ratio of s-SWNTs is about 2/3 when
only ethanol was used as the carbon feeds,*” indicating that the
introduction of methanol is the key factor to the selective growth
of s-SWNTs. However, only using methanol as carbon source
even can not get SWNTs at 900 °C since the decomposition tem-
perature of methanol is much higher. It was proposed that when
using an ethanol/methanol mixture, the ethanol decomposed to
grow SWNTs and the OH radical from methanol can selectively
etch m-SWNTs because of their smaller ionization potential as
compared to s-SWNTs.131 They further studied the etching effect
of water vapor for selective growth of enriched s-SWNTs.[!*2
The results showed that m-SWNTs were preferentially etched
by water vapor under a certain condition.'3}! Besides, they also
showed that the ratio of carbon source to hydrogen also affected
the ratio of s-/m- SWNTs. By optimizing the water concentration
and gas, SWNT arrays with over 97% of s-SWNTs were obtained.
Recently, they developed an improved multiple-cycle growth
method including the treatment of SWNTs with water vapor
after each growth cycle, and obtained high density s-SWNT
arrays (~10 SWNTs/pm).1% The introducing of weak oxidative
gas during the process of growing SWNTs might be one of the
most efficient methods to preferentially grow s-SWNTs.

Besides that gas feeding, other conditions might also influence
the selectivity between m- and s- SWNTs. In 2004, Dai and co-
workers reported the growth of 90% s-SWNTs by a PECVD system
at 600 °C.'** However, they did not explain the mechanism
for the selectivity. In 2009, Zhang's group reported an in situ
ultraviolet irradiation method to grow s-SWNT arrays,'*! which
was shown in Figure 14(a, b). With the introduction of a UV
beam into the CVD system, 95% s-SWNT arrays have been grow.
Zhang et al. proposed that m-SWNT caps were destroyed at the
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Furnace
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Part B Part A
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flow
== s-CNTs
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Figure 14. a) Sketch map of the homemade CVD system. b) Schematic illustration of the comparison experiment for SWNT growth with and without
UV irradiation. (a) and (b) are reproduced with permission.['**] Copyright 2009, American Chemical Society. c) Illustration of the electric field effect on
the growth of m-SWNTs. Reproduced with permission.’ Copyright 2011, Elsevier.
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very beginning of growth by UV irradiation through free radical
reaction, while the s-SWNT cap survived and continued growing
into s-SWNT arrays. In another work, an electric field-assisted
CVD was developed to preferentially grow m-SWNTs (shown in
Figure 14c) and the percentage of m-SWNTs could be 80%.5%
Those results show that the introduction of external fields would
contribute to preferentially growth of s-/m- SWNT. However, the
mechanism is still not very clear and needs more investigation.

7.2. Post Growth Separation of S-/M- SWNTs

Though separating SWNTs in the growth process is attractive,
post growth separation of SWNTs is easier to realize. Many
efforts have been made to separate metallic and semicon-
ducting SWNTs,[136-152] although it is still far from satisfying the
exciting application of SWNTs such as in all carbon electronic
devices. Though separation in liquid phase has been well devel-
oped, 32715 directly separation on the substrate surface is more
compatibility with semiconductor industry. In this section, we
will focus on the post growth separation of m-/s- SWNTs which
are grown on surfaces.

According to the principle of the separating process, there are
mainly five methods. The first one is electrical breakdown. As we
know, the conductivity of m-SWNTs is greater than s-SWNT5, so
m-SWNTs could be breakdown by the Joule heat resulted from
big current with the s-SWNTs remaining on the surface.’”! Also
based on this mechanism, Rogers et al.l"*® coated SWNTs with a
solid polymer layer and then applied an electrical voltage, which
led to a large current flowing in the m-SWNTTs, heating the poly-
mers around them and finally leading to exposure of m-SWNTs,
which thus could be selectively removed (Figure 15a). The second
method is using gas to selectively remove the unwanted SWNTs
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at the surface. In 2003, Kwanyong et al. reported that carbon
dioxide can selectively etch zigzag nanotube by using density
functional calculations.">% Besides, in 2006, Dai et al. demon-
strated that a methane plasma followed by an annealing pro-
cess could selectively hydrocarbonate m-SWNTs with s-SWNTs
retained (Figure 15b).1% Though most gas reactions remove
m-SWNTTs selectively, etching s-SWNTTs is also possible. In 2009,
Liu et al. reported that s-SWNTs could be selectively etched
using SOj; as etchant.'*? The third method is using electro-
magnetic radiation to selectively remove unwanted SWNTs. In
2004, Kenzo et al. proposed a laser resonance chirality selection
method to remove SWNTs with specific chirality from mass of
SWNTs by intense laser irradiation (Figure 15¢).1%! The reason
is when the van Hove singularities in the density of states of
some SWNTs matches the energy of the incident photon, these
SWNTs will be oxidized and are removed selectively. In 2008,
Song et al. reported that they can use high-power microwave
radiation in the infrared and radio frequency range of the elec-
tromagnetic spectrum to selectively removing m-SWNTs from
s-SWNTs in a powder due to the fact that the dielectric con-
stant of m-SWNTs is greater than s-SWNTs and will absorb
more energy.1®4 Expect the laser and microwave radiation,
researchers also tried other forms of electromagnetic radiation
to separate m/s-SWNTs. In 2008, Zhang’s group reported that
long-arc xenon-lamp irradiation can be used to prepare densely
packed, well aligned individual s-SWNTs and the percentage
of s-SWNTs is estimated to 95%.1138 The forth method makes
use of the different response of m-SWNTs and s-SWNTs to
mechanical stress, which is less reported. In 2010, Yang et al.
showed that the electrical properties of armchair m-SWNTs are
least sensitive to tensile strain, so when tensile strain is applied
to suspended SWNTs on substrate, the resistance of armchair
m-SWNTs nearly keep constant while that of other types of

d) m-SWNTs P

s-SWNTs

m-SWNTs

Figure 15. Post separation of metallic and semiconducting SWNTs on surfaces. a) Schematic illustration showing using Joule heating to induce
thermal gradients that drive flow of thermo-capillary resist away from the m-SWNT to form open trenches around m-SWNTs and to selectively remove
m-SWNTs. Reproduced with permission.['®l Copyright 2013, Nature Publishing Group. b) Schematic of the methane plasma treatment step to remove
m-SWNTs with s-SWNTs retained. Reproduced with permission.[% Copyright 2006, The American Association for the Advancement of Science.
c) Schematic illustration showing to selectively remove SWNTs which are in resonance with the laser. Reproduced with permission.l®' Copyright 2004,
AIP Publishing LLC. d) Schematic of SWNT separation using P- and A-scotch tapes to selectively remove m- and s-SWNTs respectively, on the sapphire
substrates. Reproduced with permission.l>¢! Copyright 2011, Wiley-VCH.
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SWNTs increase very much, leading to the selective burning
off of armchair m-SWNTs. The fifth method is based on cova-
lent selective interaction between SWNTs and other molecules.
In 2011, Zhang group reported a “scotch tape” method.l'>%]
Zhang et al. prepared P-scotch tape and A-scotch tape, which
their surfaces were modified by phenyl functional groups and
amine functional groups, respectively. Because phenyl func-
tional groups have strong interaction with m-SWNT, P-scotch
tape can selectively remove m-SWNT from SWNT arrays with
the s-SWNTs remained. S-scotch tape has adverse behavior
(Figure 15d). Furthermore, J. Zhang et al. proposed another pro-
cedure to separate m-/s-SWNT arrays on ST-cut quartz surface
by washing off m-SWNTs using SDS aqueous,['®3l which pro-
duced high quality horizontally aligned SWNT arrays with over
90% s-SWNTs.

8. Chirality Control

Chirality control is the ultimate target of structure controlled
synthesis of SWNTs. Chirality of a SWNT determines its
electron band structure, optical properties, and electric
transport properties, which are the critical factor for many
of its applications. The challenges of chiral control lie on the
similarities in SWNT structure, the absence of characterization
methods for chirality, and the limited understanding of growth
mechanism. At present, the chiral controlled growth strategies
could be divided into three groups based on different mecha-
nism including: dependence of growth rate on the chirality of
SWNTs, influence of catalyst and gas on the chirality, and con-
trol the chirality by cap engineering.

8.1. Dependence of Growth Rate on Chirality

SWNTs with different chirality have different growth rate,
which could be used to control the chirality of SWNTs. Theo-
retical simulation'®*1%] showed that a SWNT with a big chiral
angle will grow much faster than those with a small one.
Particularly, if a SWNT is armchair one whose chiral angle is
30°, it has more unsaturated bonds on the growing edge of
the hexagonal network, and thus urgently needs to form a new
bond to low its energy. Experimentally, Bandow S. et al.l'%¢l
found that chiral angles of SWNT5 are all in the range of 20° to
30° at different temperatures. Moreover, Maruyama B. and his
coworkers!'®’l used in situ Raman to track the growth process
of SWNTs, and found a linear relationship between the chiral
angle and growth rate, as shown in Figure 16a and b. Based on
this fact, SWNTs with a specific range of chiral angles could be
selectively obtained by extending the growth time thus to sup-
press the percentage of SWN'Ts with a low growth rate.

8.2. Dependence of Chirality of SWNTs on Catalyst and Gas

Catalyst played the most significant role in determining the
structure of SWNTs. It shows that using binary alloy cata-
lysts, changing the species of the catalyst and the state of
catalyst during growth will contribute to the enrichment of
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chiral SWNTs. For example, catalysts with narrow distribu-
tion of diameter will lead to a narrow distribution of nanotube
chirality, due to the direct relation between the chiral and
diameter. According to this, Resasco's group[’®®l synthe-
sized CoMoCAT catalysts and obtained SWNTs mainly com-
posed of (6,5) and (7,5), shown in Figure 16c and 16d. They
suggested that, in their method, Mo oxides exist and interact
with Co to stabilize the Co catalyst against aggregation at the
high-temperature. They also found that changing the Co:Mo
ratio, the interactions will vary respectively. At the low ratios, a
Co layer covers Mo oxide highly dispersed on the catalyst par-
ticles. When being exposed to CO, Co is reduced and migrates
on the surface to form small metallic Co cluster which can
grow SWNTs, because of the disruption of Mo layer with the
Mo oxide converted into Mo carbide. And then, carbon deposits
on the clusters, leading to the formation of relatively small
diameter SWNTs. Similarly, Sankaran's groupl’®”! prepared
Ni:Fe catalyst nanoparticles with different Ni:Fe ratios for the
growth of SWNTs. The results show that the Ni:Fe ratio can
affect the SWNTT5 chirality. They explained it based on the spe-
cific structure of catalyst, such as exposed crystal face. It may be
controversial since we cannot confirm the state of the catalyst,
solid or liquid, under the growth conditions. As we know, the
metal has a lower melting point at nanoscale than in block. In
most cases, we believe it is in liquid and the growth of SWNTs
follows the VLS mechanism. However, due to the limitations
of experimental technique, in situ observation is still lacking
at present to interpret the above chirality selective mechanism.

Besides catalysts, other factors also have an impact on chi-
rality of SWNTs. For example, different carbon sources, CH, and
CO,% will lead to different distribution of chirality. The main
reason is considered to be selectively etching of the SWNTs by
the by-products of carbon sources. He M.S. et al.'7% used TEM
to explore the relationship between the chirality distribution and
carbon sources. They found that CO contributes to the growth
of SWNTs with big chiral angle, and CH, leads to random dis-
tribution, which are attributed to the preferred cap nucleation
associated with the carbon feeding rate on the catalyst. Chen's
group!'”!l got the similar result with He M.S., and they achieved
the SWNTs mainly consist of (9, 4), (8, 4) and (8, 6). In addition,
HiPco method was developed by Smalley’s group,!'™® and could
be used to syntheses SWNTs mainly containing (7, 6) and (6, 5).
In addition of carbon resources, other gases introduced into
the system, such as NH;,['?) have the similar effects. However,
all the above investigations got SWNTs with some chiralities
enriched. Breakthrough is needed to be made to prepare SWNTs
with a single chirality.

8.3. Control Chirality of SWNTs by Cap Engineering

Cap engineering is a smart alternative strategy to control
the chirality of SWNTs. The initial cap structures of SWNTs
directly determine their sequent chiralities. Thus, it is pos-
sible to realize the controlled growth of nanotubes with cer-
tain chiralities by controlling the cap. However, it is not easy to
finely control the structure of the cap in experiment. For this
purpose, J. Zhang’s group developed a SWNT growth method
using opened Cg, as a cap via an open-end mode.l'”? Firstly,
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Figure 16. a) Chirality-dependent growth of SWNT. The linear growth rates (blue triangles) along with assigned (n,m) chiral indices are plotted against the
chiral angle. b) A schematic of the structure of a SWNT edge. (a) and (b) are reproduced with permission.'®’l Copyright 2012, Nature Publishing Group.
) (n,m)-resolved intensity map for the CoMoCAT sample. The thickness of each hexagonal cell in the graphene sheet is proportional to the observed
intensity for that structure. Red and blue labels code for mod (n-m,3) families, and the arc indicates tube diameters of 1.0 nm. d) Contour plots of nor-
malized fluorescence intensities for the COMoCAT sample. (c) and (d) are reproduced with permission.l'%8 Copyright 2003, American Chemical Society.

fullerendione was thermally oxidized to open its carbon cage at
different temperatures. Secondly, water vapor was used to mildly
remove any possible amorphous carbon around the formed cap.
Notably, the annealing process at high temperature was crucial
to activate the cap, and it further affects the diameter distribu-
tions of the obtained SWNTs. Briefly, the higher the annealing
temperature is, the smaller diameter of the grown SWNT5 are.
Moreover, the diameter displays a step distribution due to the
instability of Cg at high temperature. Further, using the ampli-
fied growth method developed by Tour’s growth,[73] Ren and his
coworkers!'” proposed the concept of “Cloning carbor’, that
is, using SWNTs as the “cap” for further growth to get SWNTs
with the same chirality. In 2009, J. Zhang’s groupl®? reported
the successful “cloning” of SWNTs, as shown in Figure 17a. By
using short SWNTs cut by oxygen plasma as “seeds/catalysts”,
“new/duplicate” SWNTs have been elongated from the parent
segments with the remained chirality. It is found to be important
to open and active the end of the seeds, which is fully proved by
AFM and Raman spectroscopy. However, the growth efficiency is
relatively low. Recently, Zhou and Zheng!'””! enhanced the grow
efficiency by combing liquid phase separation and VPE, as shown
in Figure 17b. The seeds for cloning were carbon nanorings,
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which were synthesized by liquid phase with a high purity. The
basic principle of these methods is based on the Diels-Alder
reaction. Without this principle, ]. M. Tour and his coworkers!'7]
have achieved this goal through reloading the catalyst at the end
of SWNTs to promote the continued growth of SWNTS, such as
in Figure 17c.

Although several strategies have been exploited to control
the chiralities of the as-grown SWNTs, a breakthrough is still
need to be made to realize the high efficiency control of chi-
rality which is suitable for large scale production.

9. Chirality Identification of SWNTs

Chiral structure (chiral angle, handedness and chiral index) iden-
tification of SWNTs is the prerequisite for their fundamental
researches and many promising applications. Although an enor-
mous progress is made on the CVD controlled synthesis, %! the
accurate and convenient approach is lack to identify the chirali-
ties of obtained SWNTE, owing to the nanometer size and diverse
structures.'’®177] AFM is widely used to estimate SWNT’s dia-
meter. However, the measured diameter of SWNT on flat quartz or
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sapphire surface is normally smaller than the
real value due to the SWNT-substrate interac-
tion. SEM 1is usually used to characterize the
macro morphology and length of SWNTs, and
the obtaining of high quality images extremely
rely on the use of conducting substrates.
Unfortunately, all of these techniques cannot
be used to characterize the chiral structure.

'__!Ly“w o | 9.1. Strategies to Identify the Chirality

The inherent linkage between chiral index
and intrinsic structures of SWNT is crucial to
develop an efficient and reliable characteriza-
tion approach.'”817] As we know, the rolling
vector (n,m) of SWNT completely determines
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Figure 17. a) Schematic diagrams of cloning process for as-grown ultra-long SWNTs. Repro-  3]] present methods, as shown in Figure 18a.
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of the vapor-phase epitaxy (VPE) process for chirality controlled SWNT synthesis. Reproduced . .
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Figure 18. a) Strategy for the chiral structure determinations of SWNTs, which contains four types of (6, d), (d, E;), (6, E;), and (E;;, Ey;). b) The typical
AFM image (up panel) and SEM image (below panel) of obtained SWNTs on graphite surfaces. c) Raman spectra of SWNT in (b), and the laser wave-
length is 632.8 nm. (a-c) are reproduced with permission.['””] Copyright 2013, American Chemical Society.
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Kataura-plot,l'® and it has already been used in resonance Raman

spectroscopy (RRS).18U (n,m) assignments of SWNTs by photo-
luminescence excitation (PLE) spectroscopy!'®? and Rayleigh Scat-
tering spectroscopy (RSS)!'®% depend on the (Ej;, Eyy) plot. There
were rare exploration on (6, d) and (6, E;) plots.

Corresponding to the above strategy, four related plots can be
drawn to conveniently assign the n and m values, including (6, d),
(d, Eii)l (9, Eii)! and (Eii’ Ei'i') plOtS. Of WhiCh, (d, Eii) plOt is Well
known as Kataura-plot,l'¥) and it has already been used in RRS.[18]
(n,m) assignments of SWNTs by PLE spectroscopy!'®¥ and RSS[!33]
depend on the (E;, Eyy) plot. J. Zhang's group put forward both
the (6, d) and (6, E;) plots as shown in Figure 19a and 19b, respec-
tively.'””] Distinctly, these two plots supplied plenty of structural
information, such as R-handed, L-handed, s- and m- SWNTs. It is
mentioned that SWNTs on the violet, blue, green, and black/red
lines exhibit the same n, m, (n + m), and (n — m) values, respec-
tively. Furthermore, (6, d) plots remedy the drawback of Kataura-
plot, which is unavailable to SWNT with large diameter.

9.2. Conventional Approaches

STM, HRTEM, selected-area electron diffraction (ED),['*! RRS,
RSS and PLE, as the conventional methods, have already been
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extensively used to characterize the chiral structures of SWNT5,
all of which are involved into the relational graph (Figure 18a).
Obviously, the methods in (6, d) type simultaneously require
the 6 and d information, which requires technique such as
STM, HRTEM and ED. Although the atomic structures of an
individual SWNT can be obtained by these microscopic tech-
niques, each of which requires rigorous conditions and prohib-
itive costs. For example, groups of Lieber C.M. and Dekker C.
acquired the perfect STM images with atomic resolution, >
and further verified the theoretical predication that energy gap
of SWNT inversely varied with its diameter. The status of STM
probe, conductivity and cleanness of samples were critical to
generate the stable tunneling current. These methods are
unable to characterize SWN'T5 on a large scale.

In contrast, spectroscopic techniques such as RRS, RSS and
PLE are able to characterize specimens in a large scale. RRS
belongs to (d, E;) type and can provide numerous property
and structure information of SWNTs, including d, electron-
ical type and Ej values.'3% Low frequency of radial breathing
mode (RBM) of SWNT is inversely proportional to its diameter
with wggy = C/d (cm™) (C = 248 cm™! nm for SiO, substrate).
rpy shifts sensitively depend on the laser energies, which
can be used to distinguish s- or m- SWNTs. However, con-
tinuous laser excitations are necessary to match the resonance

window of each SWNTs. Moreover, (n,m)
index can be extracted from Kataura-plot

o
?

Lm| by using (d, E;) plot. The appearance of
LS| D band at 1350 cm™! indicates the SWNTs
rs| are defective or damaged. G band around

1580 cm™! is normally split into two features,
1 G* at 1590 cm™! and G~ at 1570 cm™’. The
il Breit-Wigner-Fano and Lorentzian line-
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2
=

Chiral angle (degree) &
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shapes of G~ mode can indicate m- or and s-
SWNTS, respectively. Besides, RSS and PLE
E as the typical methods belong to (E; Epy)
type. In brief, RSS is limited by the sus-
pended SWNTs. PLE is only suitable for the

s-SWNTs with small diameters. As we know,
the band structures of SWNT sensitively
depend on its surrounding environments,
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i such as temperature, substrate and possible
contaminations. As such, methods in (Ej;,
E;y) and (d, E;) types cannot well serve the

s bundled and surfactant wrapped samples.

Also, the above conventional methods can
o] not determine the handedness and chiral
. angle of SWNTs. A convenient and accurate

approach to comprehensively characterize
T the chiral structures of SWNTs is highly
desirable.
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9.3. Chirality Identification of SWNTs using
Graphite as a Reference

Figure 19. a) The (6, d) plot. b) The (6, E;) plot for chiral structure assignment. The upward-

pointing, downward-pointing, red, and black triangles refer to the L-, R-, m-, and s- SWNTs,
respectively. Moreover, the SWNTs on violet, blue, green, and black/red lines share the identical
n, m, (n+m), and (n — m) values, respectively. The intersections of four lines in (a) and (b) are
(12,7)-R-S and (19,7)-R-M SWNTs, respectively. (a) and (b) are reproduced with permission.l”’]

Copyright 2013, American Chemical Society.
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As described in Section 3, the orientation
of as-grown SWNTs on graphite surface
shows chirality-selectivity. In this way, AC,
77 and chiral SWNTs are aligned along the

Adv. Mater. 2014, 26, 5898-5922



‘a\j

ADVANCED
MATERIALS

M
\ier'S
www.MaterialsViews.com

ZZ, AC and chiral edges of graphene, respectively. The R- and
L- SWNTs are distributed in different graphene segments.
Therefore, the benzene ring arrangements of graphene could
indicate the chiral structures of aligned SWNTs on it. After
the CVD process, many graphene trenches appeared due to
the etching effect of metallic nanoparticles. Importantly, these
trenches are mostly along ZZ directions according to STM and
Raman measurements.!'®”] Using these trenches as reference,
we developed a novel approach to determine the handedness,
chiral angle and even (n,m) index of the aligned SWNTs on
graphite surfaces.

Handedness and especially chiral angle are the key factors
for methods based on (6, d) and (6, E;). Specifically, if the gra-
phene trenches arise in the counter-clockwise (clockwise) direc-
tion of SWNT and their formed angle ¢ ranges 0° < @i < 30°
(30° < @ < 60°), then the SWNTs are right-handed with chiral
angle of 6 = 30° — @y (6r = @r — 30°). In contrast, if the gra-
phene trenches are shown in the clockwise (counter-clockwise)
direction of SWNT and the angle ¢ ranges 0° < ¢ < 30° (30° <
@ < 60°), then the SWNT5 are left-handed with chiral angle of
6L =30° + @ (6, =90° — ¢).'"74 Taking the SWNT in Figure 18b
as an example, SWNT was aligned in the counter-clockwise
direction of graphene trench, and the formed angle ¢ is 9.9°.
So, this SWNT is left-handed with 6; = 39.9°. Both AFM profile
and RBM band (Figure 18b and 18c) were used to evaluate its
diameter, approximating 1.68 nm. Finally, the (n,m) index can
be easily assigned to (8,15)-L-S through the (6, d) plot. Mean-
while, Ej; value can be measured by the anti-Stokes/Stokes
resonant Raman intensity ratio, which validate the (6, E;) plot
to determine chiral structures. Obviously, this novel approach
presents many applicable merits of high-efficiency, large-scale
and low-cost.

10. Conclusions and Outlook

Due to the fact that the properties of SWNTs tightly dependent
on their structures, the synthesis of SWNTs with controlled
structures, especially direct on surfaces, are of high impor-
tance for the fabrication of SWNT-based nanoelectronics. In the
recent ten years, great successes have been achieved in the field.
CVD is the most promising and controllable approach to syn-
thesis SWNTs on surfaces. The structures of the SWNTs pro-
duced by CVD are influenced by many factors, among which
the catalyst nanoparticles play the most important role. To date,
various catalysts, including metallic and non-metallic ones, have
been proved to be catalytic active in the growth of SWNTs, and
several different catalytic mechanisms, including VLS, VS and
VSSS, have been proposed. And depending on the interaction
between the catalyst and substrate surface, the growth mode
could be tip- or base- growth, as evidenced by in situ TEM.

The direction of the SWNTs during its growth could be con-
trolled by gas flow, the SWNT-surface interactions, or external
fields, which could be used to prepare horizontally aligned
SWNT arrays, and further to construct complex assembly struc-
tures, such as cross-bars and serpentine of SWNTs. Using opti-
mized CVD conditions, the aligned SWNTs on the surface have
been observed to grow at a very high rate, up to 5 mm/min,
facilitate the prepare of ultra-long SWNTs. Up to date, 55 cm-
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long few-walled CNTs, including SWNTs, have been achieved.
Besides, nano-barriers can be introduced into the CVD pro-
cess to stop the extension of SWNTs to get SWNT5 to a cer-
tain length. For the number density of aligned SWNTs on sur-
faces, IBM proposed an optimal requirement as 125 SWNTs/
pm, which encouraging people to improve the process. The
density SWNTs are governed by the density of active catalysts,
and have been improved by using optimal catalyst treatment,
multi-cycle CVD, or post multiple transfer process. A density of
55 SWNTs/pm has been achieved.

The diameters of SWNTs highly depend on catalysts. By
choosing catalysts with a certain size, SWNTs with diameters
in a small range could be selectively grown. For a certain cata-
lyst nanoparticle, temperature also influences the diameters of
SWNT5, according to what, the modulation of diameters of a
SWNT during its growth has been exhibited. Besides, the gas
feedings are also proved to affect the diameters of SWNTs.
Various in situ or post growth methods have been developed
to get pure semiconducting or metallic SWNTs. SWNTs with
more than 97% of semiconducting or more than 90% metallic
SWNTs have been successfully prepared. The chirality control
is the most challenging issue. Considering the different growth
rate of SWNTs with different chirality, the selectively growth
of SWNTs with certain chiralities could be obtained. And by
using of catalyst nanoparticles with specific structures, SWNTs
with some certain chirality could be produced. Besides, cap
engineering or cloning are also promising for the chirality con-
trolled growth. Further, to determining the chirality of SWNTs,
a method based graphite or graphene has been developed
beyond the conventional method such TEM, RRS and PLE.

In spite of these achievements, great challenges still remain.
Chirality controlled growth of SWNTs is still the biggest chal-
lenge, although some approaches have been developed to con-
trol the chirality of as-synthesized SWNTs, such as cloning
or cap engineering, which efficiency are quite low. Designing
the catalysts is the most straight forward method to realize
the large scale synthesis of chirality-controlled SWNTs. It is
important to in situ investigate the crystalline structures of the
catalyst nanoparticles and the catalyst-SWNT interfaces during
the growth of SWNTs, which could guide the design of cata-
lysts. Another promising approach is to scale up the “cloning”
of SWNTs with pre-separated SWNTs with the same chirality
as the seeds. Ultra-long SWNT5, with their uniform structures
along the axis, could also be used to create multiple SWNT seg-
ments with the same chirality and diameter. Besides, the den-
sity of aligned SWNTs on surfaces is still not high enough for
the requirements of integrated electronics. Breakthroughs in
the directly CVD growth of dense SWNTs or post-growth non-
destructive transfer technique are in demand.
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