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Abstract The synthesis of SWNTs has achieved great success with the develop-

ment of synthetic methodologies. From the viewpoint of exploiting the exceptional

electrical properties of single-walled carbon nanotubes (SWNTs) in advanced

applications, one of the most difficult challenges is how to assemble the SWNTs

with high degrees of alignment and purity in electronic conducting (mainly semi-

conducting) behavior into functional nanodevices. Numerous approaches have been

developed to reach this goal, which could be divided into two categories. One is

direct preparation of SWNT arrays on the substrate, and the other is self-assembly

of pre-sorted SWNTs from solution. The former one obtains SWNT arrays via

chemical vapor deposition (CVD) growth, with the sorting realized by either

selective growth or post-growth treatment; the latter one assembles SWNT into

arrays from solution, with the sorting process occurring before the aligning process

in most cases. This review will highlight both in situ and post-synthetic approaches

for preparing samples of aligned arrays of SWNTs with well-defined electronic

properties—including the working mechanism for directional growth of SWNTs,

growth/sorting methods like catalyst engineering, cloning/cap engineering, in situ

etching, and ex situ selective removal/etching for surface-grown SWNT sample, and

assembling technologies from SWNT solution such as dielectrophoresis, adsorption
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on lithographically patterned and/or chemically functionalized substrates, Lang-

muir–Blodgett and Langmuir–Schaefer techniques, and evaporation-driven self-

assembly—and research efforts towards direct growth of arrays of complex SWNT

structures.

Keywords SWNT array � Semiconducting � Selective growth � Self-assembly

1 Introduction

The superb charge transport properties of single-walled carbon nanotubes (SWNTs)

make them excellent candidates for various applications in electronics, including

but not limited to radio frequency (RF) analog devices, flexible circuits, and

heterogeneous integration of such systems onto complementary oxide semiconduc-

tor (CMOS) chips [1–3]. The structure of SWNTs is typically discussed in terms of

graphene, where a SWNT can be made by rolling up graphene to form a seamless

cylinder [4]. Many properties of a SWNT, such as the electronic properties and

diameter, depend on the direction in which the graphene is rolled up to form the

nanotube [5]. Normally, approximately 67% of SWNTs are semiconducting (s-

SWNT) and 33% of SWNTs are metallic (m-SWNT) at room temperature [5].

However, to achieve uniform performance of electrical devices, SWNTs need to be

monodisperse in their electronic type. For example, an important consideration for

high-performance digital logic is the degree to which metallic nanotubes can be

eliminated [3]. The SWNTs are normally produced by exposing a carbonaceous

feedstock to a metal catalyst at high temperatures. The common means of

synthesizing SWNTs including arc discharge, laser ablation, and chemical vapor

deposition (CVD) produce SWNT samples that lack uniformity in their properties

[6]. Progress has been made in controlling the electronic properties of SWNTs both

during and after growth, aimed at producing identical populations of SWNTs [7, 8].

Although great efficiency for enriching surface-grown and bulk-phase semicon-

ducting nanotubes have both been demonstrated, currently sorting with the aid of

solution processing has been considered the more effective technique for better

reproducibility and higher throughput [9, 10]. Furthermore, compared with random

SWNT networks, large-scale and horizontally aligned SWNT arrays can effectively

preclude both the mis-oriented ones and tube–tube connections, with the demon-

strated ability to yield device performance approaching expectations based on the

intrinsic properties of pristine SWNTs [11, 12]. In order to get SWNT samples with

a high degree of alignment, researchers have invested substantial effort towards the

development of post-synthetic assembly schemes and direct growth methods on

crystal substrates. Another challenge facing carbon nanotube (CNT)-based

electronic devices is low CNT growth densities. For example, to maximize device

packing density and provide sufficient drive current (or power output) for each

CNFET, dense, aligned arrays of electronically pure nanotubes will be required in

practical integrated circuits (ICs) [13, 14]. In 2013, the IBM researchers stated that

in order to realize SWNT-based ICs applications, the close-packed SWNT arrays

should have C99.9999% s-SWNT purity with a density higher than 125 tubes/lm
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[3]. Typically, the precise placement of carbon nanotubes with desired morphology

and density on a substrate involves one of the following three techniques: direct

growth of SWNT array on a substrate, transfer of grown nanotubes onto a target

substrate via nanotube-captured solid mediate or solution dispersion, or self-

assembly of nanotubes on a device substrate during deposition.

To achieve widespread use of the resulting SWNT arrays in commercial

applications, beyond having the highest possible purity and array density, an ideal

preparation strategy should also be: (1) scalable (that is, it should be possible to

ramp up the process to produce more material to meet the anticipated increases in

demand); (2) universal (which yielding similar results between different systems

when the same procedure is used for a selective growth method, or compatible with

a wide range of as-synthesized SWNT samples with different SWNT lengths and

diameters for post-growth sorting method); (3) nondestructive (that is, the

remarkable properties of SWNTs should not be degraded during selective growth

or sorting); (4) free from additional contamination or unwanted structures like

bundles that affect the device performance in most applications. This review

highlights progress towards these goals with an emphasis on recent developments.

We will highlight both in situ and post-synthetic approaches for preparing

samples of aligned arrays of SWNTs with well-defined electronic properties.

Figure 1 shows an overview of the main content of this review. We will first present

the main working mechanisms for directional growth of SWNT arrays on surfaces

via CVD. The efforts on improving the tube density in the array and direct growth of

arrays of complex SWNT structures will be introduced as well. Then, the

preparation strategies will be covered and discussed by referring to two main

categories: one category covers in situ or ex situ sorting for CVD-grown aligned

arrays of SWNTs on substrates, with growth/sorting methods such like catalyst

engineering, cloning/cap engineering, in situ etching, and ex situ selective removal/

etching methods, as well as strategies for density improvement including particular

catalyst design, multiple-cycle growth and multiple transfer. The other is about

assembling separated SWNTs from solution into aligned arrays under directional

guidance such as an external electric field and a shear force, with specific

assembling technologies that include dielectrophoresis, adsorption on lithograph-

ically patterned and/or chemically functionalized substrates, Langmuir–Blodgett

and Langmuir–Schaefer techniques, and evaporation driven self-assembly.

2 Orientational Growth of SWNTs

To obtain horizontally aligned arrays of SWNTs with desired properties, many

different methods have been developed. Among various technologies, CVD growth

of SWNTs on substrates has attracted lots of research interest because it can offer

the levels of perfection in quality, lengths, arrangements, alignment, and linearity

required for most applications in electronics [27]. Additionally, the CVD growth

method is compatible with the standard fabrication procedure of silicon-based

devices [28, 29]. In this section, synthesis of SWNT arrays via CVD method will be

discussed beginning with an introduction to the alignment modes during the growth
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process. Based on the guiding force for nanotube alignment, current guided growth

methods can be classified into three categories: gas flow-directed growth [30],

surface-guided growth [17, 31], and external field-assisted growth [32]. Figure 2

gives an illustration on these guiding modes and their corresponding typical growth

results.

2.1 Gas Flow-Directed Growth

As shown in Fig. 2a, the gas flow-directed growth of nanotubes is realized through

lifting the catalyst nanoparticle away from the substrate surface and maintaining the

floating state of the nanoparticle and the attached nanotube. Thus, the aligned

orientation of CNTs is entirely controlled by gas flow [15]. Catalyst–substrate

Fig. 1 Recent developments in preparation strategies for horizontally aligned SWNT arrays. The
orientation controlled growth of SWNT arrays on substrate by different guiding modes, with
representative works shown in the figure: gas flow-directed mode (corresponding figure is reproduced
with permission [15], Copyright 2010, American Chemical Society), crystallographic lattice-guided mode
(corresponding figure is reproduced with permission [16], Copyright 2005, American Chemical Society),
atomic step-guided mode (corresponding figure is reproduced with permission [17], Copyright 2004,
Wiley–VCH), and external filed-directed mode (corresponding figure is reproduced with permission [18],
Copyright 2011, Elsevier), and methods for improving the array density (corresponding figure is
reproduced with permission, [19] Copyright 2015, Nature Publishing Group), are covered. Then both
in situ and ex situ soring technologies for the surface-grown SWNTs are also introduced, with
representative strategies described in following references: catalyst design (corresponding figure is
reproduced with permission [20], Copyright 2015, American Chemical Society), cap engineering
(corresponding figure is reproduced with permission [21], Copyright 2012, Nature Publishing Group),
selective etching (corresponding figure is reproduced with permission [22], Copyright 2014, American
Chemical Society) and selective removal (corresponding figure is reproduced with permission [23],
Copyright 2011, Wiley–VCH). Afterwards, arranging of SWNT into aligned arrays from pre-sorted
SWNT solution via self-assembly techniques are presented, with typical methods described in following
reference: dielectrophoresis (DEP) (corresponding figure is reproduced with permission [24], Copyright
2011, American Chemical Society), confined deposition (corresponding figure is reproduced with
permission, [25] Copyright 2016, Nature Publishing Group), and evaporation driven alignment
(corresponding figure is reproduced with permission [26], Copyright 2014, American Chemical Society)
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interaction and flow stability are the key factors to optimize both the lift-up process

and the floating process. For the lift-up stage, a sufficiently high temperature is

required because the interactions between catalyst/SWNT and the substrate can be

significantly weakened with increasing temperature, as proved in the ‘‘fast-heating’’

CVD method [33]. The temperature difference resulting from rapid heating causes a

convection flow, which can lift up some nanotubes with the catalyst. To realize the

purpose of decreasing the catalyst–substrate interaction, the catalyst system was also

specially designed. For example, silica nanoparticles were dispersed on the substrate

surface to hinder the catalyst–substrate interaction [34], and Cu was preferred as the

catalyst to promote the growth of aligned SWNTs because this metal possesses

weaker interactions with SiO2 than Fe does [35, 36]. Besides the fast heating, ultra-

low feeding speed of the gases is considered as another factor that is important for

guiding aligned ultra-long SWNT arrays [37]. The ultra-low gas speed helps

generate steady laminar flow, which allows the catalyst/SWNT to remain floating

above the substrate surface (Fig. 2a). The floating catalyst has substantially

improved lifetime and activity because it is free from the interaction with the

substrate. The synthesis of ultra-long SWNTs by the gas flow directed mode

(Fig. 2b) is believed to benefit from a superior growth rate [37]. In this way, Zhu

et al. reported the synthesis of a 4 cm-long individual SWNT at a rate of 11 lm/s in

2004 [38]. Although the gas flow-directed growth method produced ultra-long

SWNTs, bottlenecks still exist for requirements such as increasing the extremely

low tube density, and improvement of the alignment and linearity [34, 39].

Fig. 2 Orientation controlled growth of SWNTs with different guiding modes. a, b Gas flow-directed
growth mode and the SWNT arrays grown by ultra-low feeding gas (reproduced with permission, [37]
Copyright 2007, American Chemical Society). c, d Lattice-directed growth mode and the SWNT array
grown on sapphire substrate (reproduced with permission [16], Copyright 2005, American Chemical
Society). (e, f) Nano-step-guided growth mode and the obtained SWNTs (reproduced with permission
[41], Copyright 2005, American Chemical Society). g, h Electric field-directed growth mode and the
aligned SWNTs (reproduced with permission [32], Copyright 2005, AIP Publishing LLC)
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2.2 Surface Structure-Guided Growth

Surface guided growth of SWNTs by CVD on crystalline substrates such as sapphire

and quartz can produce arrays of SWNTs with nearly ideal arrangements. Both

theoretical and experimental studies of the alignment process of SWNTs have been

conducted to understand the underlying mechanisms in depth. Overall, the surface-

directed growth mode is essentially governed by anisotropic van der Waals

interactions between SWNT and substrate. Depending on the specific surface

structure that provide the guiding force, the SWNTs can form in epitaxy along a

lattice direction [16, 40], or in graphoepitaxy along faceted nanosteps [17, 41] and/

or etched trenches [42], which are defined as lattice-directed (Fig. 2c, d) and

nanostep-directed mode (Fig. 2e, f) respectively.

The first report on oriented growth of SWNTs by crystallographic lattices was on

Si (100) and (110) substrates [31]. Subsequently, this kind of substrate were

extended to sapphire (A- and R- plane of a-Al2O3), and mis-cut quartz (Y-, ST-, R-,

and Z-cut) for growing SWNT aligned in only one direction [29]. Additionally,

MgO, mica, and graphene have been explored to prepare other ordered structures

with special morphologies following the lattice directions [43, 44]. Theoretical

simulations with quartz as the substrate revealed the existence of an energetically

favorable direction, predicting that SWNTs would orient along molecular-scale

topological grooves that exist in that direction on the surface of the substrate [27].

On the other hand, by varying the miscut orientation and annealing conditions of the

sapphire substrate, it was observed that graphoepitaxy led to the formation of either

well-aligned straight SWNTs, or to wavy nanotubes loosely conforming to

sawtooth-shaped faceted nanosteps. Specific nanotube geometries were as shown

in Fig. 2f. [41]. Furthermore, a specially fabricated sapphire surface with numerous

faceted nano-steps was also proven able to regularly induce a particular orientation

and conformation of SWNTs. The SWNTs obtained completely reflected the atomic

features on the surface, such as crystalline facets, defects, and kinks [45].

It is noteworthy that clear competition between lattice-directed and nanostep-

directed modes presented during SWNT growth have been observed on both

sapphire and quartz substrates. Ago et al. found these two modes can cooperate to

build curved networks of SWNTs, on A-plane sapphire with a large mis-cut angle

[46], while Li et al. synthesized arrays of kinked SWNTs on ST-cut quartz by

utilizing the cooperation and competition between the two modes [47].

2.3 External Field-Directed Growth

Besides gas flow and surface nano-structure, external fields, such as the electric and

magnetic fields [32, 48], have also been introduced to align SWNTs during growth.

Electrical polarizability along a nanotube axis is much higher than that along its

radial direction, so that SWNTs tend to align parallel to an applied electric field. In

this way, a force can be applied to rotate and align the SWNTs, as shown in Fig. 2g,

h. Dai’s group first used electric fields (EF) to guide the growth of SWNTs and

found that the SWNTs could be well aligned even when the electric field was

perpendicular to gas flow [32]. Interestingly, Peng et al. discovered that when an EF
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was introduced during gas flow-guided growth of SWNT array, the proportion of

m-SWNTs was increased [18]. The nanotubes were polarized and the electric field

force helped lift them into the laminar flow. The greater polarizability of m-CNTs

compared to s-CNTs resulted in more m-CNTs lifted and an increased m- to s-CNT

ratio in the array. The peak percentage of m-CNTs could reach 80% under EF-

assisted CVD. This is the first time that the role of electric field was fully

investigated for in situ sorting of m-/s-SWNTs. Magnetic fields had already been

utilized to direct the growth orientation of SWNTs with the SWNTs aligned parallel

to the applied magnetic field [48].

Comparing these three exploited-growth modes, it is obvious that CVD growth of

large-scale, well-aligned SWNT arrays via surface-directed mode produced the best

results. On both quartz and sapphire, the levels of nanotube alignment can be

controlled to better than 0.01�, with linear shapes to within a few nanometers over

lengths of many micrometers, and average tube lengths reach hundreds of

micrometers (up to *millimeters) [16, 28, 49]. The highest density ever reported

was*160 SWNTs/lm [50]. Sorting strategies could be applied at any stage starting

from the nucleation of nanotubes, to early/whole growth stage and after growth.

2.4 Density Improvement Method

As has been mentioned, the outstanding performance of the CNT-based transistors

can be fully explored only with high-density integration of nanotubes, a high degree

of alignment, and the high-purity enrichment of s-SWNTs. SWNT arrays with high

density would afford a nanotube-based device higher current, more robust

performance, and thus guarantee smaller device-to-device variation, which repre-

sents ideal formats for integration. Great progress on preparing horizontally aligned

arrays of SWNT with high density has been made by using highly efficient catalyst,

multi-growth/transfer technique, and comprehensive optimization of the basic

growth parameters, as summarized in Fig. 3a. These research efforts are believed to

provide a desirable platform for the electronic-type controlled preparation of

SWNTs.

2.4.1 Trojan Catalyst Technique

The essence of growing high-density SWNT array is considered to be maintaining a

high density of active catalysts during growth, thus giving catalyst nanoparticles

more opportunity to nucleate SWNTs, and providing new catalysts during SWNT

growth. A clever method proposed by Hu et al. is continuously and gradually

releasing iron catalysts that have been pre-embedded in a sapphire substrate

(Fig. 3b) [19]. Horizontally aligned SWNT arrays with a density of 130 SWNTs/lm
were synthesized through the use of these so-called Trojan catalysts. Researchers

from the same group introduced Mo catalyst particles to help suppress agglomer-

ation of Fe nanoparticles in the Trojan catalyst [51]. Mo was reported as being able

to help suppress agglomeration of Fe nanoparticles on sapphire substrates, thus

improving the SWNT yield as well as reproducibility [52]. This design successfully

Top Curr Chem (Z) (2016) 374:85 Page 7 of 30 85

123



expanded the growth area of SWNT arrays and increased the array density to as high

as 160 tubes/lm.

2.4.2 Multiple Growth/Transfer Technique

Multiple growth or transfer represents simple routes to improve the density of

SWNT arrays [22, 53–56]. Preparation of high-density aligned SWNTs has been

reported by a stacked multiple transfer method, which transferred nanotubes through

multiple sacrificial layers, as illustrated in Fig. 3c [55]. A linear increase in drain-

source currents of CNT-based FETs was realized by the linear increase of nanotube

density. The multiple growth approach relies on multiple, separate CVD growth

cycles on a single substrate. A typical multi-cycle growth process is shown in

Fig. 3d. In principle, this process can be extended to triple, quadruple, and quintuple

growths and beyond. However, most works have found that the percentage increase

in density diminished with multiple cycles [53]. As to the multiple transfer

techniques, they can, in principle, linearly increase CNT density on the target

substrate without limits. Nonetheless, the alignment of SWNTs gets harder to

maintain as the number of transfers increases [54]. One interesting example for

obtaining SWNT arrays based on the transfer method is that of transforming random

SWNT films grown on SiO2 substrates onto a receiving surface by sliding the

growth substrate during the transfer process [57].

Fig. 3 Preparation of high-density SWNT arrays on substrate surface. a Scheme on strategies for
increasing the nanotube density in the SWNT arrays by improving the growth efficiency or multiple
transfer technique; b Growth of ultra-high density SWNT array by using ‘‘Trojan catalyst’’ (reproduced
with permission [19], Copyright 2015, Nature Publishing Group). c Preparation of high-density aligned
SWNTs by stacked multiple transfer method (reproduced with permission [55], Copyright 2011,
American Chemical Society). d Multiple-cycle CVD method for synthesis of horizontally aligned arrays
of SWNTs with high density (reproduced with permission [56], Copyright 2011, American Chemical
Society)
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Other than the technology mentioned above, optimization of basic approach was

also tried and demonstrated effective in producing high-density SWNT arrays. The

effects of basic synthetic parameters such as metal catalyst and gas composition on

nanotube density have been systematically studied [58]. There are many reports on

comprehensively optimizing the basic growth conditions such as the catalyst

material, substrate annealing, and the catalyst patterning for density improvement of

the SWNT arrays [28, 59–61].

2.5 Growth of Arrays of Complex SWNT Structures

With SWNT arrays having perfect alignment representing the most promising

building block for future electronic devices, the preparation of arrays of SWNTs

with special morphologies such as bends, loops, kinks, intramolecular junctions, and

crossbars is believed to bring many new important properties for different functional

nanosystems [36, 62]. Compared with the special structures produced by post-

growth assembly methods, direct growth can retain the intrinsic properties of

nanotubes. Zhang’s group has reported preparation of intramolecular junctions,

which was realized by altering the diameter of a SWNT during its elongation by

changing the growth temperature rapidly (Fig. 4a) [62]. Serpentine/kinked SWNTs

have all been synthesized by combining the lattice-guided growth mode with other

forces, with remarkable device performance observed for serpentine nanotubes

[47, 63, 64]. Moreover, synthesis of SWNT serpentines with controlled length,

density, and number of parallel tube segments was realized by a controlled landing

process, as shown in Fig. 4b. The synthesis of cross bar structures has been realized

by several approaches, mainly involving combinations of guiding forces from the

gas flow, the lattice, and the electric field [36, 65, 66]. As illustrated in Fig. 4c and

4d, SWNT cross-bar with node density up to 107/cm2 were prepared by a ‘‘one-

batch’’ approach, which was based on a combination of gas flow-directed growth

mode and lattice-orientated growth mode [36]. During the CVD process, the

direction of gas flow and the direction of lattice of the substrate were perpendicular

to each other.

3 Selective Preparation of s-/m-SWNT Arrays

3.1 Catalyst Design

For the controlled growth of SWNTs in a CVD system, either the generally accepted

vapor–liquid–solid (VLS) mechanism [67, 68] or the newly developed vapor–solid–

solid (VSS) mechanism [69–71] points to the importance of engineering the catalyst

nanoparticle appropriately. Basically, the catalyst nanoparticles have two essential

functions during the formation of SWNTs, which are (1) catalyzing the decom-

position of carbon resource gases and (2) serving as centers for SWNT nucleation

and growth. Hence, composition, morphology and surface lattice of the catalyst

nanoparticles may all be tuned to affect the structure and growth efficiency of the

SWNTs that are grown. For example, the catalysts with the desired atomic
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arrangements in their crystal planes were successfully used as structural templates

for chirality-specific growth of SWNTs [72]. Yang et al. developed a new family of

catalysts, tungsten-based intermetallic compounds, to facilitate the growth of

SWNTs with designed chirality [73]. By the use of W6Co7 catalysts, (12, 6) SWNTs

were grown with purity higher than 92%, which is considered due to a good

structural match between the carbon atom arrangement around the nanotube

circumference and the metal atom arrangement of (0 0 12) planes in the catalyst.

Although more efforts are still needed, the production of structure-pure SWNT

arrays based on such a catalyst design is considered quite promising.

Generally speaking, the structure-controlled growth of SWNTs via catalyst

design is realized by two pathways: one is the structural match between SWNTs and

the catalysts makes the growth of SWNTs with specific structure thermodynam-

ically favorable, and the other is manipulation of growth kinetics for SWNTs to

suppress the growth of the unwanted SWNT species. As indicated in Fig. 5a, based

on the chemical composition of the catalyst, the catalyst used for controlled growth

of SWNT array is categorized into three kinds, which are monometal (mainly Fe),

Fig. 4 Growth of arrays of special SWNT structures. a Temperature-mediated growth of SWNT
intramolecular junctions (reproduced with permission [62], Copyright 2007, Nature Publishing Group).
b Crinkling SWNT into serpentines by a controlled landing process (reproduced with permission [64].
Copyright 2009, Wiley–VCH). c, d One-batch growth of SWNT cross-bar (reproduced with permission
[36]. Copyright 2009, American Chemical Society)
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bimetal, and nonmetal catalysts (metal oxide and metal carbide). Selective growth

methods corresponding to different catalysts would be discussed as follows.

3.1.1 Monometal Catalyst

Although precise control of catalyst structure may be the key issue for realizing

selective growth, the preparation of uniform catalyst nanoparticles is still a big

challenge. In addition, the catalyst nanoparticles tend to change their structure and

dispersion state at the synthesis temperatures. However, Harutyunyan et al. were

able to synthesize metallic-enriched SWNTs through manipulation of the

morphology and coarsening behavior of Fe catalyst particles in different inert

gases [74]. Although the relationship between catalyst structure and the electronic

properties of the resulting nanotubes still remains unclear, faceted iron particles

with sharp corners as shown in Fig. 5b, which are pre-annealed in He, are

considered to be responsible for the selective growth. Since etching effects are

mostly applicable for removing or hindering the growth of m-SWNTs, this method

is of great significance for yielding sample with the fraction of metallic nanotubes

being increased from one-third of the population to a maximum of 91% (Fig. 5c).

Intriguingly, through manipulation of SWNT–catalyst interfacial formation energy,

chirality controlled growth of SWNT has been proven in a new CVD process [75].

This specially designed growth system periodically changed temperature to vary

SWNT chirality multiple times during elongation to finally reach the energetically

preferred SWNT-catalyst interface. This method provided an innovative platform

for achieving enrichment of any SWNT with low SWNT–catalyst interfacial

Fig. 5 Catalyst design strategy for preferential growth of s-/m-SWNT arrays on substrate surface.
a Scheme on typical catalysts used for realizing growth of arrays of SWNT with specific electronic type.
b, c Growth of SWNT arrays with enriched m-SWNTs (reproduced with permission [74], Copyright
2009, the American Association for the Advancement of Science). d, e Preferential growth of s-SWNTs
by bimetal catalysts consisting of Ru or Pd metal (reproduced with permission [20], Copyright 2015,
American Chemical Society). f Selective growth of s-SWNTs by oxygen-deficient TiO2 nanoparticles
(reproduced with permission [50], Copyright 2015, American Chemical Society)
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formation energy, including those with specific electronic properties by careful

catalyst design and treatment.

3.1.2 Bimetal Catalyst

Other than the traditional catalytic metal such as Fe, Co, and Ni, more and more

metal, oxide and carbide have been demonstrated as effective at catalyzing growth

of SWNTs. Furthermore, the unique properties of the new catalytic materials enable

them to preferentially catalyze the growth of SWNTs with special structures. For

example, bimetal catalysts consisting of Ru or Pd have been proved capable of

preferentially growing s-SWNTs (Fig. 5d) [20]. Ru or Pd metal was supposed to

selectively scissor C–O and C–C bonds of ethanol molecules to produce absorbed

oxygen (Oads), which creates a feasible oxidative environment to eliminate the

m-SWNTs during growth. Since the counterpart metal in the corresponding

bimetallic metal such as Cu provided Cads for the growth of SWNTs, the ratio

between the two component metals needs to be tuned to balance the etching process

and the carbon accumulation process and thus realize the highest s-SWNT purity, as

shown in Fig. 5e. SWNT arrays on a ST-cut quartz surface with a s-SWNT ratio of

about 93% and a high density of 4–8 tubes/lm was obtained using Au/Pd (1:1)

catalyst.

3.1.3 Nonmetal Catalyst

There is an argument that during high temperature growth, the metal catalyst

particles are usually in a liquid or partial liquid state with fluctuating sizes and

structures, which makes it difficult to obtain SWNT arrays with a predefined and

precisely controlled structure. Therefore, catalysts remaining in a solid state during

the CVD process are favorable for structure control of SWNTs. TiO2 nanoparticles

were chosen because of their high melting point and good stability against strong

reduction under SWNT growth conditions [50]. More importantly, TiO2 nanopar-

ticles with a certain concentration of oxygen vacancies are theoretically predicted to

have a lower formation energy between s-SWNT than m-SWNT. The interface

between SWNT and TiO2 nanoparticle with oxygen vacancies is as depicted in

Fig. 5f. By varying the sintering atmosphere, the concentration of oxygen vacancies

in nano-sized TiO2 can be modulated to affect the SWNT–TiO2 interface properties,

to selectively grow s-SWNTs. In addition, with TiO2 nanoparticles remaining solid

and to reduce catalyst aggregation, and with no etching process for nanotubes

involved, the growth efficiency is significantly increased, dense SWNT arrays with

a density of *10 tubes/lm was obtained. Other semiconductor oxide nanoparticles

(i.e., ZnO, ZrO2, and Cr2O3) with an appropriate amount of oxygen vacancies have

also proved to be successful catalysts for the selective growth of s-SWNTs. There is

an urgent demand for s-SWNT arrays with specific diameters for the applications in

nanoelectronic devices. It is worth mentioning that solid Mo2C nanoparticles were

found able to selectively catalyzes the scission of C–O bonds of ethanol molecules,

and thus produce Oads to preferentially etch m-SWNTs [76]. Moreover, by

synthesizing Mo2C nanoparticles with monodisperse sizes on a substrate, the
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s-SWNT arrays obtained had very narrow diameter distribution (*85% between 1.0

and 1.3 nm), which is believed to benefit their application in nanoelectronic devices.

3.2 Cap Engineering

Epitaxial growth of SWNTs, the use of a well-defined template molecule or high

melting point metal nanoparticle to unambiguously dictate the diameter and

helicities of the resulting SWNTs, appears to be a promising strategy for controlling

the structure of SWNTs [77]. Using various nanocarbon segments as template is

also known as cloning synthesis [78]. However, compared to the cap structures

formed around the catalyst nanoparticles, which may remain liquid droplets and

alter their original sizes and structures during growth, the structure of the cap

formed at a nanotube-segment predetermines the chirality of the whole SWNT and

remains stable if the growth conditions are maintained. The nanotube segments that

have been used as template for the SWNT growth are summarized in Fig. 6a. In this

section we will mainly review the progress in nanotube-segment-mediated SWNT

synthesis and its efficiency for controlled growth.

Fig. 6 Cap engineering for controlled growth of SWNT arrays on substrate surface. a Summary on the
candidate materials that have been used for structure-controlled growth via cap engineering. b SWNT
growth using fragmented C60 as an initiating cap (reproduced with permission [79], Copyright 2010,
American Chemical Society). c Cloning growth via open-end growth mechanism (reproduced with
permission [78], Copyright 2009, American Chemical Society). d Synthesis of SWNT with controlled
chirality using VPE (reproduced with permission [21], Copyright 2012, Nature Publishing Group).
e Growth of s-SWNTs from end-cap molecules (reproduced with permission [84], Copyright 2015,
American Chemical Society)
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A meaningful advance was made by Yu et al. who used opened C60 molecules

with a desired size as the hemispherical caps to epitaxially control SWNT chirality

(Fig. 6b) [79]. The importance of the size and edge structure of C60 caps on the

structure of the grown nanotubes was emphasized and efficiently engineered by

tuning the thermal treatment conditions. The diameter distributions of the as-grown

SWNTs exhibited a step-like distribution, distinct from the SWNTs grown by

traditional metallic catalysts. This indicates the possibility of growing nanotubes

with specific diameters by treating the nano carbon segments in a controlled manner

to get seeds with different sizes and edge states. Ibrahim et al. performed systematic

investigations into the role of the dispersing media for C60 and oxygen-based groups

during the development of nanotubes, which is believed to significantly advance our

understanding of the growth mechanisms involved in all-carbon catalyst-free

growth of SWNTs [80].

Predesigned nanotube segments may act as better seeds for the synthesis of

SWNTs because SWNTs are expected to inherit chirality from the seed tubes. The

concept of SWNT ‘‘amplification’’ was first proposed by Smalley and coworkers in

2005 [81]. They docked metal catalyst nanoparticles to the open ends of SWNTs

and subsequently activated them to restart the SWNT growth epitaxially by

introducing carbon feedstock. However, two obstacles need to be solved before this

‘‘amplification’’ method can efficiently yield chirality-controlled SWNTs. First,

catalyst nanoparticles need to be attached to the open ends of nanotubes precisely,

which is challenging; second, growth of newly nucleated nanotubes from the metal

nanoparticles instead of the preexisting tube–particle interface should be sup-

pressed. The ‘‘cloning’’ growth method developed by Zhang and coworkers in 2009

showed that open-ended SWNTs could be duplicated without the help of metal

nanoparticles [78]. The experimental procedure for ‘‘cloning’’ growth is illustrated

in Fig. 6c. Specifically, the chirality of the parent SWNT segment was retained by

the elongated part, which was proved by the two parts giving identical Raman shifts.

Moreover, without the catalyzing effect from the metal catalyst nanoparticles, the

growth efficiency and rate were promoted by two means. One is introducing a C2H4

source to accelerate the decomposition of CH4; the other is using single-crystal

quartz as the substrate, which greatly improved the cloning yield from 9% on SiOx

to 40% on quartz.

Recently, the efficiency of such catalyst-free epitaxial growth was further

improved by Zhou and coworkers (Fig. 6d) [21]. The starting SWNT segments were

separated SWNTs with chirality purity of up to 90%. The vapor-phase epitaxy

(VPE) cloning mechanism is to incorporate certain pyrolysis products into a

graphitic carbon structure defined by the purified SWNT seed via Diels–Alder

cycloaddition. The Diels–Alder reaction requires the presence of armchair sites on

the SWNT edge, which consequently results in a chirality-dependent growth rate.

The near-armchair (6, 5) nanotubes were found to grow noticeably faster than the

near-zigzag (9, 1) nanotubes. Surprisingly, the conclusion of chirality-dependent

SWNT growth rate for VPE agrees well with model proposed by Ding et al. for

metal-catalyzed SWNT growth [82]. Another work by the same group discovered

that the growth rates of nanotubes increased with their chiral angles while the active

lifetimes of the growth showed the opposite trend [83]. For the first time, these
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results correlated the cloning growth behaviors with the atomic arrangements of

nanotube, providing new insight into the cloning growth of SWNTs.

Recent work by Zhou’s group combines bottom-up organic chemistry synthesis

with vapor phase epitaxy elongation to grow exclusively s-SWNT arrays [84]. This

work shared the similar innovative constructing concept with the pioneer work to

selectively synthesize (6, 6) SWNT on Pt (111) surface [85]. C50H10, an organic

molecule with the hemispherical structure as shown in Fig. 6e, was used as the

nanotube-end-cap molecule to initiate growth of the SWNT. The key to their

success is the utilization of the strong correlation between the electronic properties

of SWNTs and their diameters. Both theoretical and experimental studies revealed

that metallic and semiconducting nanotubes have different stabilities, with the

former ones generally less stable than semiconducting ones. By pretreating the seed

molecules, it was guaranteed that most SWNTs grow from individual molecules or

very small aggregates and thus have small diameter. The narrow diameter

distribution is supposed to further help confine the electronic properties of the

nanotubes. A chirality-changed growth model was proposed based on the theoretical

calculation, and was believed to be one of the important origins for the selective

growth.

Overall, the use of SWNT segments offers a straightforward pathway to directly

obtain SWNTs with specific chirality. However, the improvement of the activity of

nanocarbon seeds, which determines the growth rate and yield of SWNTs, is still a

great challenge. An essential factor for an efficient cloning process is the annealing

process in an oxidative atmosphere (air, water vapor, and oxygen plasma). The

oxidation and subsequent hydrogen or water treatment are speculated to alter the

functional groups on nanotube ends and expose more reactive hydrogen-terminated

sp2 carbon edges for growth. The thermal stability of the nanocarbon seeds and

precision of the structure control will all be affected, potentially reducing the

improvement efficiency. Another problem is the lack of a clear growth mechanism;

this problem could be satisfactorily solved with in situ observation. Solutions to

these limitations are still needed to pave the way to large-scale production of

structure-controlled SWNTs via cloning growth.

3.3 In Situ Etching Method

Differences in the chemical reactivity and electronic properties of s-SWNTs and

m-SWNTs are usually utilized to etch/remove away the kind of nanotubes that

react/respond more strongly to the introduced reagents or applied field. Owing to the

small energy band gap near the Fermi level in the density of states of s-SWNTs,

m-SWNTs are more reactive than s-SWNTs when their diameters are similar [86].

Based on the environment in which the reaction occurs, the separation methods will

be discussed from two aspects, in situ etching and ex situ etching/removing. For the

in situ growth separation of s-/m- SWNTs, two approaches have been proposed,

which are etching via weak oxidation and perturbation via an external field. As

shown in Fig. 7a, a weak oxidation function could be offered either by using special

carbon resource molecules or by the introduction of reagents with proper oxidative
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activity, and applying an external field was demonstrated effective to produce

reactive reagents such as radicals.

The production of a weakly oxidative atmosphere in the CVD system by adding

special carbon resource during the growth of SWNTs has proven an efficient way to

selectively synthesize s-SWNTs. In 2009, Ding et al. reported the preferential

growth of s-SWNTs arrays on a quartz substrate using ethanol/methanol as the

carbon feeds (Fig. 7b, c) [87]. The introduction of methanol is the key factor for the

selective growth of s-SWNTs. It was proposed that the OH radical from methanol

accounts for the selective etching of m-SWNTs because they have smaller

ionization potential as compared to s-SWNTs with the same diameter. The growth

selectivity could also be attributed to using ST-cut quartz as the substrate. Although

not deeply discussed, the influence of the interaction between the catalyst/nanotube

and the substrate is certainly of paramount importance.

Fig. 7 In situ etching strategy for controlled growth of SWNT arrays on a substrate surface. a Scheme of
selective growth methods based on in situ etching of m-SWNTs by etchant introduced in different ways.
b, c Preferential growth of s-SWNTs arrays on quartz substrate using ethanol/methanol as the carbon
feeds (reproduced with permission [87], Copyright 2009, American Chemical Society). d, e Selective
growth of high-density s-SWNT array by ethanol/methane CVD (reproduced with permission [88],
Copyright 2016, American Chemical Society). f, g Growth of nanotube arrays with enriched s-SWNTs by
using IPA as carbon feed stock (reproduced with permission [89], Copyright 2012, American Chemical
Society). h, i UV irradiation-assisted CVD growth of s-SWNT array (reproduced with permission [91],
Copyright 2009, American Chemical Society)
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A similar in situ etching approach was reported in recent work, using an ethanol–

methane mixture carbon resource and Trojan-Mo catalyst to grow high-density

s-SWNT arrays on a sapphire substrate (Fig. 7d, e) [88]. As schemed in Fig. 7d, in

this approach, active H radicals provided by the incomplete pyrolysis of methane

was suggested as the agents to inhibit growth of m-SWNT. These moderate and

appropriate H radicals create a suitable etching environment for in situ inhibition of

m-SWNT growth. The key role of the substrate was also emphasized in this work by

suggesting that the selectivity originates from methane adsorbed and dissociated on

the catalytic sapphire surface to generate H radicals. Meanwhile, due to milder

reactivity and proper amount of H radicals, the density of the arrays had no obvious

decrease.

By directly using special carbon feed stock such as isopropyl alcohol (IPA), a

semiconducting nanotube purity of above 90% was achieved by Zhou’s group [89].

The underlying chemical mechanism for the predominant growth was discussed

based on mass spectrometric analysis. The presence of the right amount of water in

the IPA CVD environment was shown to cause preferential growth of semicon-

ducting SWNTs. The effective in situ enrichment of s-SWNTs was confirmed by the

electronic property measurement (Fig. 7f, g). Previous work regarding the effect of

water species on SWNT growth supported the same conclusion that m-SWNTs were

preferentially etched by water vapor under certain conditions [90]. The work also

showed that in addition to a suitable water vapor concentration, a low carbon

feeding rate benefits the high selectivity of s-SWNTs over m-SWNTs.

UV irradiation has been tentatively introduced to assist the direct CVD growth of

s-SWNTs (Fig. 7h, i) [91]. The wavelength of the UV light used ranged from 200 to

400 nm, which was effective in promoting the decomposition of reaction gases,

leading to a concentration increase in oxidative chemicals such as free radicals. As

shown in Fig. 7h, a specially manufactured furnace with a hole in the top of the

furnace cover was used to allow light to irradiate the substrate. It was assumed that

the selective etching of m-SWNTs under UV irradiation occurred at the stage of cap

formation, so that the surviving s-SWNT arrays had chance to grow long and to

maintain intrinsic structures. The irradiation time and light intensity are critical to

the density of SWNTs. A shorter irradiation time was found to yield denser SWNT

arrays.

The introduction of a weak oxidative gas during the process of growing SWNTs

might be one of the most efficient methods to preferentially grow s-SWNTs.

However, since the selectivity is based on removing the metallic nanotubes, this

kind of method needs to compromise between a high density and semiconducting

selectivity of SWNT arrays. The complexity of the CVD system including high

temperature and coexistence of multiple reactive gases all challenge the efficiency

and reproducibility of the etching reaction. Moreover, the compatibility between

this technology and a normal CVD system should also be considered before the

corresponding methods can be applied for large-scale selective production.
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3.4 Ex Situ Removal/Etching Method

Although separating m-/s-SWNTs in the growth process is attractive for optimally

maintaining the pristine properties, post-growth separation of SWNTs grown on the

substrates has still attracted considerable research interest because it is easier to

realize and more compatible with current semiconductor industry technology.

Moreover, the knowledge and insight obtained from studying post-growth

separation methods hold great significance for potentially transferring the technol-

ogy into the CVD environment. The discussion in this section will focus on post-

growth selective preparation of surface grown m-/s- SWNT arrays via selective

etching or removal.

As illustrated in Fig. 8a, the methods can be mainly divided into two classes

according to the principle of the separating process, depending on whether the

dominant driving force is selective reaction or selective wrapping. The first one is

selective etching. As is known, the conductivity of m-SWNTs is greater than

s-SWNTs, so m-SWNTs produce more Joule heat resulting from large currents than

s-SWNTs. Making use of this mechanism, Jin and coworkers selectively exposed

m-SWNTs to reactive ion etching while keeping the s-SWNTs coated with a solid

polymer layer [92]. The Joule heating induces thermal gradients that drive flow of

thermocapillary resist away from the m-SWNT, leading to exposure and final

removal of m-SWNTs (Fig. 8b). The electrical voltage was applied through

removable electrode structures, producing arrays comprising only s-SWNTs. Later,

the same group used a more convenient technology, microwave radiation, to

selectively heat the m-SWNTs and initiate the thermocapillary flows [93]. As a

noninvasive heating technique, microstrip dipole antennas of low work-function

metals selectively couple microwaves to transfer the radiation energy into heating

Fig. 8 Ex situ selective removal/etching strategy for controlled preparation of SWNT arrays on a
substrate surface. a Scheme of preparation methods for s-SWNT arrays based on either selective etching
or removal of m-SWNTs. b Utilization of nanoscale thermocapillary flows to create arrays of purely
s-SWNTs (reproduced with permission [92], Copyright 2013, Nature Publishing Group). c Separation of
m- and s-SWNT arrays by ‘‘Scotch Tape’’ (reproduced with permission [23], Copyright 2011, Wiley–
VCH). d Separation of m-/s-SWNT arrays by washing off m-SWNTs using SDS aqueous solution
(reproduced with permission [98], Copyright 2013, Wiley–VCH)
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only the m-SWNTs. Although these two methods offer exceptional levels of

efficiency, the procedures are cumbersome and require multiple processing steps. A

simple, robust alternative that uses infrared laser irradiation to selectively heat the

m-SWNTs was developed shortly afterwards [94]. The effectiveness of this simple

thermocapillary flow induced purification process has been proven by complete and

selective removal of m-SWNTs from arrays of SWNTs, including examples with

very high density of SWNTs. One of the potential drawbacks could arise from

formation of trenches around the m-SWNTs, which would probably affect the

adjacent s-SWNTs or even destroy them.

Early work on the selective etching of m-SWNTs employed reactive gas phase

plasma, providing high s-SWNT purity but a relatively low nanotube density [95].

UV light irradiation has also been tried as a means of separating m/s-SWNTs. In

2008, Zhang’s group reported that long-arc xenon-lamp irradiation can be used to

prepare densely packed, well-aligned individual s-SWNTs with the percentage

estimated to be around 95% [96]. Selective etching of m-SWNTs was attributed to

the decomposition of reaction gases under the UV light, which produced oxidative

chemicals such as free radicals. In situ light treatment of FETs was performed to

track the destructive process. It was shown that the off-state current dramatically

decreased after 15 min of irradiation and the on/off ratio exceeded 2000, indicating

the selective removal of m-SWNTs. Post-growth water vapor treatment was tried by

the same group to prepare s-SWNT arrays [97]. They found that the oxidation

temperature and the concentration of water vapor have a clear effect on the

selectivity of etching of m-SWNTs. The influence of reaction temperature on the

electronic structures of SWNTs and thus the etching reaction of SWNTs with water

is discussed in detail. It was pointed out that relatively lower temperature is better

for retaining the difference in reactive activities of s- and m-SWNTs, as well as a

moderate oxidative potential of water, which were essential for effective sorting in

the corresponding system.

The second kind of method is based on non-covalent selective interaction

between SWNTs and other molecules. In 2011, Zhang’s group designed a smart

Scotch tape mechanism to extract s-SWNTs or m-SWNTs from the array mixture

(Fig. 8c) [23]. They prepared soft polydimethylsiloxane (PDMS) thin films treated

with phenyl functional terminal group and amino functional terminal groups for

selective adsorption of m-SWNTs and s-SWNTs on the polymer surface,

respectively. The PDMS-based ‘‘Scotch tapes’’ were applied to SWNT samples

and then peeled off, selectively removing either s- or m-SWNTs and to leave their

counterparts on the substrate. Furthermore, the researchers proposed another

strategy to separate m-/s-SWNT arrays on ST-cut quartz surface by washing off

m-SWNTs using sodium dodecyl sulfate (SDS) aqueous solution [98]. Washing

means immersing the as-grown SWNT arrays on quartz into SDS aqueous solutions

and then applying sonication. As seen from Fig. 8d, most SDS molecules prefer to

adsorb onto the circumference of the m-SWNTs, which dramatically weakened their

interaction with the substrate surface and made them easier to remove from the

substrate surface (detergent action). The s-SWNT arrays remained on the substrate

with their original aligned configurations.
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Selective etching or wrapping that favors one kind of SWNTs have both proven

effective for preparation of predominant s- or m-SWNT arrays. However, since this

strategy produced arrays with the density strongly dependent on that of the starting

materials, the development of this strategy relies on a high density being provided

by the growth technology.

4 Self-Assembly from SWNT Solution

Among post-synthetic methods that have been developed to sort SWNTs by their

electronic structure, the separation strategies performed in solutions/dispersions

have produced samples with the best reproducibility and yield. While these

approaches have achieved high purity of s-SWNTs, precise positioning, and ordered

arrangements are urgently required for application of s-SWNTs in real devices.

Surface chemical modification of the substrate was demonstrated to provide

additional levels of control [91]. Electric fields, applied in an alternating current

mode during solution deposition, can also yield alignment due to dielectrophoretic

interaction [99]. In this review, dielectrophoresis, selective adsorption on patterned

surface, and evaporation-driven assembly will be discussed. Methods such as

Langmuir–Blodgett assembly will also be discussed.

4.1 Dielectrophoresis (DEP)

The earliest report on using alternating current dielectrophoresis to separate metallic

from semiconducting SWNTs from suspension was in 2003 [99]. The method takes

advantage of the difference of the relative dielectric constants of the two kinds of

SWNTs with respect to the solvent, resulting in totally different movement of m-

and s-SWNTs, with the former ones attracted toward a microelectrode array, and the

latter ones left in the solvent. DEP technology utilizes an inhomogeneous electric

field, typically formed between a pair of planar microelectrodes, to manipulate the

placement of SWNTs via interaction with their induced dipole moment. The classic

experimental setup for DEP technique is as that shown in Fig. 9a, c. It is important

to note that DEP promotes the deposition of longer nanotubes in mixtures of

different tube lengths, which is favorable for optimal device performance.

Later, this ac-DEP technique was extended for controlled deposition of SWNTs

onto multiple submicrometer electrode pairs [100]. The capacitive coupling

between the substrate and the electrodes was believed to limit the number of

deposited tubes per contact. Using a novel aspect of nanotube DEP, the aligning

process was scaled up by the same group [101]. By following an alternate and more

universal mechanism that involves redistribution of the electric field around the

deposited nanotube in the electrode gap, the researchers demonstrated the directed

and precise assembly of single-nanotube devices with an integration density of

several million devices per square centimeter (Fig. 9b, c). Through optimizing the

frequency and trapping time of the DEP process, combined with nanotube

concentration tuning in the solution, the linear density of the SWNT between
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prefabricated electrodes was increased from 0.5 SWNT/lm to more than 30 SWNT/

lm [102].

In 2014, Cao et al. developed a method that utilized the alternating voltage-

fringing electric field formed between surface microelectrodes and the substrate to

assemble semiconducting nanotubes into highly aligned arrays with ultrahigh

density of *50 nanotubes per lm [103]. As illustrated in Fig. 9d–f, the fringing-

field DEP aligned nanotubes into well-ordered arrays with a high degree of linearity,

because its field-focusing effect led to very strong electro-orientation torque.

Teslaphoresis, in which the directed motion and self-assembly of SWNTs by a Tesla

coil, was introduced in a recent paper [104]. Compared with the conventional DEP

technique, Teslaphoresis can create a gradient high-voltage force-field that projects

into free space, making SWNTs self-assemble into wires that span from the

nanoscale to the macroscale.

4.2 Surface Modification-Assisted Adsorption

The earliest representative technology of aligning separated SWNTs on a

functionalized substrate was the one developed by Bao’s group in 2008 [105].

They took SWNT solutions and spin-coated them onto SiOx/Si surface modified

with either amine- or phenyl-terminated silane monolayers, aiming at selectively

adsorbing s-SWNTs and m-SWNTs, respectively. The advantage of this technology

is that simultaneous control of density and alignment occur in one step during

device fabrication. As is widely known, combining excellent selectivity with

nanotube alignment at a high density is critical to enable the formation of single-

nanotube devices. During the deposition process, the surface modification-assisted

adsorption provides guidance for the nanotube alignment through selective

Fig. 9 Assembly of SWNT arrays by the DEP method. a–c Ultra-high-density alignment of SWNT
arrays by DEP (reproduced with permission [102], Copyright 2011, American Chemical Society). d–
f Fringing-field dielectrophoretic assembly of ultra-high-density s-SWNT arrays with a self-limited pitch
(reproduced with permission [103], Copyright 2014, Nature Publishing Group)
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chemical/physical interaction and/or physical space confinement. Important pro-

gress was made by Park et al. in 2012 by placing individual SWNTs with a density

of 1 9 109 cm-2 [106]. A new ion-exchange surface chemistry between the

wrapping surfactant molecule and the decorated surface of the HfO2 trenches

ensures accurate positioning, as illustrated by Fig. 10a, b. Additionally, this work

improved the alignment of nanotubes by reducing the trench width down to 70 nm.

Dai’s group found that s-SWNTs dispersed in sodium cholate (SC) and SDS

solutions could self-assemble into closely packed flat rafts, which was driven by

depletion attraction during water evaporation on a 3-aminopropyltriethoxysilane

(APTES)-modified SiO2/Si substrate [107]. Further improvement was made later by

combining top-down and bottom-up approaches [108]. Specifically, defined patterns

of narrow pitch provided space confinement for the self-assembly of well-aligned

raft-like structures. In such a way, densely packed SWNTs deposited into predefined

polymer patterns were obtained. Recently, large ([cm2) monodomain films of

aligned single-walled carbon nanotubes could be prepared using slow vacuum

filtration through filter membrane with 100-nm pore size (Fig. 10c) [25]. The

formation of CNT alignment in a confined narrow layer region near the surface of

the filter membrane was due to a potential well created by competition of the

electrostatic repulsion force and an attraction force from the membrane surface.

Other exciting progress is the placement of individual SWNT segments at

predetermined locations with nanometer accuracy (Fig. 11) [109]. DNA-wrapped

SWNT segments with uniform electronic properties were assembled onto

lithographically patterned lines on a surface. Individual nanotube control was

achieved with spacing as close as 100 nm. Such high-resolution placement is

believed to benefit from the confinement effect of the physical space.

S-SWNT arrays have also been obtained by binding end-functionalized SWNT

segments to lithographically defined nanoscale anchors [110]. However, the density

of the array needs to be improved for the practical application of such a method. He

et al. reported recently that wafer-scale monodomain films of aligned s-SWNTs can

be prepared using slow vacuum filtration through a modified filtration film [25].

Although the film contained SWNTs with high density and good alignment, the

Fig. 10 Assembly of SWNT arrays by adsorption on lithographically patterned and/or chemically
functionalized substrates. a, b High-density integration of s-SWNTs via chemical self-assembly through
ion-exchange chemistry (reproduced with permission [106], Copyright 2012, Nature Publishing Group).
c Wafer-scale monodomain films of spontaneously aligned s-SWNTs prepared by slow vacuum filtration
(reproduced with permission [25], Copyright 2016, Nature Publishing Group)
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thickness of the film was too thick to find more extensive applications, especially in

the nanodevice field.

4.3 Langmuir–Blodgett and Langmuir–Schaefer Techniques

The best assembling results obtained by Langmuir–Blodgett analogue techniques

were reported by Cao et al. [111]. The Langmuir–Schaefer-based method used a

1,2-dichloroethane (DCE) solution of s-SWNTs to disperse them on the water sub-

phase, with the nanotubes spreading out to cover the whole surface as a result of the

surface tension. Evaporation of the volatile organic solvent left the nanotubes to

float on the two-dimensional air–water interface, forming an isotropic phase. Mobile

barrier bars were used to apply a uniaxial compressive force that assembled the

nanotubes into well-ordered arrays, which could then be horizontally transferred

onto the receiving substrate. This Langmuir–Schaefer method produced films with

better alignment and higher yield than the Langmuir–Blodgett method that uses

vertical transfer technique [112], because of reduced disturbance to the rigid

nanotube Langmuir film on water. The highly pure s-SWNT arrays could fully cover

a surface with a nanotube density of more than 500 tubes/lm. Nonetheless,

performance of FET devices made from the aligned nanotubes was far from

satisfying, which was believed to be hindered mainly by the bundling between the

too closely packed nanotubes.

4.4 Evaporation-Driven Self-Assembly

As a simple approach, evaporation-driven self-assembly (EDSA) has been shown to

be an effective and scalable technique to create thin films of aligned SWNTs within

SWNT stripes. EDSA employs the well-known ‘‘coffee ring phenomenon’’, where

particles suspended in a droplet tend to aggregate at the edges of the drop, forming a

ring-like structure [113]. The working mechanism of ESDA is as shown in Fig. 12a.

When a target substrate is immersed vertically in the SWNT solution, a thin

Fig. 11 Directed assembly of SWNT FETs with nanometer accuracy through elaborate design of surface
modification (reproduced with permission [109], Copyright 2016, American Chemical Society)
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meniscus forms at the solid–liquid–vapor interface (contact line). When the solvent

evaporates, the aligned nanotubes in the liquid are brought by convective transport

to the contact line and deposit on the substrate. A frictional force, F, together with

the liquid surface tension, cL, pins the contact line. As evaporation proceeds, the

buildup of the capillary force, cC, eventually leads to depinning of the contact line.

The contact line thus jumps to a new position where it is subsequently pinned again

by the deposition of a new row. The resulting repeated stick–slip motion of the

liquid forms the super lattice of CNT strips (Fig. 12b). Aligned geometries could be

created through modulation of forces at the solid–liquid–air interface [114, 115].

Specifically, the width and spacing of the resulting SWNT stripes depend on the

pinning probability, which in turn depends on the concentrations of SWNTs and

surfactant in aqueous solution. Besides the evaporation of aqueous SWNT solution,

diffusion of organic solvent on the water–air interface was shown to be able to

deposit aligned s-SWNT on a partially submerged hydrophobic substrate [26].

EDSA contrasts with Langmuir–Blodgett analogue techniques [26, 116] in that the

deposition is primarily driven by aligned self-assembly under evaporation rather

than withdrawing the substrate at a certain velocity.

5 Conclusions

Recent years have seen great progress toward the ultimate goal of feasible

production of SWNTs with high density and uniform electronic properties. If one

compares the products of direct preparation methods to form SWNT arrays on a

substrate with self-assembly methods of using pre-sorted SWNTs from solution, no

definitive winning method has been demonstrated by either approach. Furthermore,

the quality of SWNT products from solution-based sorting strategies has not

matched that provided by in situ growth methods, mainly because of possible

contamination by residual surfactant and the potential for degradation of nanotubes

during the solubilization process. Meanwhile, for real device applications, in the

Fig. 12 Evaporation-driven self-assembly of SWNT array (reproduced with permission [115], Copyright
2013, Wiley–VCH)
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absence of a revolutionary breakthrough, it appears that the reproducibility of in situ

sorting technology is still not as satisfying as the post-growth sorting techniques.

The optimal solution is likely to include clever refinements of post-synthetic sorting

approaches, or a deeper mechanistic understanding of selective growth methods.

Furthermore, for selective growth systems, a rapid and convenient analytical

method for precisely establishing purity levels of large populations of SWNTs

remains elusive. Developing selective growth methods based on the results of that

kind of characterization is thus a high priority for SWNT researchers. In the

meantime, in an effort to get SWNT arrays with higher density, attention should be

paid to improving the length, quality, and dispersion state of SWNTs deposited from

solution to attain high performance in the exciting new device.
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