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81 Introduction

Chemical vapor deposition (CVD) growth control and density gradient ultracentrifugation (DGU)
separation were developed for the practical use of single-walled carbon nanotubes (SWNTSs) in electronic
and optical devices. Based on the explored CVD growth mechanism of alcohol catalytic CVD (ACCVD),
diameter controlled growth of vertically aligned SWNTs (VA-SWNTs), growth of nitrogen-doped SWNT,
patterned growth of VA-SWNTs, horizontally aligned growth are realized. DGU separation of each chirality
of SWNTs and of semiconductor and metallic SWNTs are also demonstrated. Raman and
photoluminescence (PL) spectroscopy are developed using the single-chirality dispersion sample. Finally,

several field effect transistors (FET) are demonstrated using as-grown SWNTs.

82 Chemical reaction in CVD process and diameter control

The gas-phase decomposition of carbon source molecule (ethanol for ACCVD) before the reaction
with metal catalysts is revealed to be very important [1-3]. As shown in Fig. 1[4], ethanol decomposition
determine the strong flow-rate dependent growth curves of VA-SWNTs observed by in situ laser absorption
[5,6]. Especially, tiny amount of decomposed acetylene highly accelerates the SWNT growth but at the
same time promotes the deactivation of small

catalyst by carbon over-coating [7]. The highly
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SWNT array before the catalytic reaction near the
substrate. The diffusion barrier was estimated to be small
for VA-SWNTs with thickness less than 1 mm [11].
Furthermore, effect of metal particles and effect of
catalyst support are studied employing combinatory
experiments [12] and surface plane defined silicate [13],
respectively. Based on these findings, the nanotube
diameter of VA-SWNTs was controlled by CVD process
parameters [14].

Recently, a strikingly small diameter (around 0.7
nm) VA-SWNTs was achieved by mixing acetonitrile to
ethanol feedstock as shown in Fig. 2 [15]. With increasing
acetonitrile concentration in the feedstock, nitrogen
incorporation into the sp” carbon network increased until
saturating at approximately one atomic percent. The
incorporation of nitrogen correlates with a significant
diameter reduction from a mean diameter of 2.1 nm down

to 0.7 nm.

83 DGU Separation of chirality and metal/semiconductor
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Figure 2. Resonance Raman spectra at 633 nm

excitation of VA-SWCNT arrays grown using

ethanol-acetonitrile mixture,

with different

acetonitrile concentrations.

Since the single-chirality SWNT growth is still challenging, development of separation technique is

inevitable. We present a protocol to selectively isolate SWNTs with different chiralities in a full-colored

“rainbow” expansion using DGU [16]. Starting with SWNTs synthesized by ACCVD method, we used

sodium deoxycholate (DOC) and sodium dodecyl sulfate (SDS) as cosurfactant encapsulating agents to

form a DOC-restricted SDS wrapping morphology around the SWNTs. This enhances the density

differences between nanotubes of different diameters, which leads to efficient chirality redistribution when

combined with an appropriate density gradient
profile as shown in Fig. 3 [16].

Through a systematic study of the effects
of surfactants, analysis of the buoyant densities,
layer positions, and optical absorbance spectra
of SWNT separations using DOC and SDS, we
clarify the roles and interactions of these two
surfactants in yielding different DGU outcomes
[17]. The separation mechanism described in
Ref. [17] can also help in designing new DGU
predicting
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Figure 3.
separation “rainbow” of ACCVD SWNTs by DGU.
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of Raman peaks.

Polarization dependence of RBM mode peaks  Figure 4. Schematic diagram of (a) the selection
of VA-SWNTs revealed that the anomalous RBM  ryles for incident light polarized parallel (||) and
peaks previously attributed to perpendicularly  perpendicular (L) to the nanotube axis, and (b)
polarized excitation is actually from parallel jntervalley mixing of K and K' excitons. The
excitation of isolated SWNTs suspended within the  superposition of wavefunctions near the K and K'
array [19]. Isotope-induced elastic scattering of  points gives the bright and dark states for
optical phonons in individual suspended SWNTs are  [ongitudinal and transverse excitons. PLE maps for

studied [20]. excitations polarized (c) parallel (||) and (d)

Several important spectroscopic features in PL perpendicular (L) to the nanotube axis.
signal were found. We performed detailed PL
spectroscopy studies of three different types of SWNTSs by using samples that contain essentially only one
chiral type of SWNT, (6,5), (7,5), or (10,5). The observed PL spectra unambiguously show the existence
of an emission sideband at about 140 meV below the lowest singlet excitonic E;; level. We ascribe the
origin of the observed sideband to coupling between K-point phonons and dipole-forbidden dark excitons
[21].

The asymmetry between valence and conduction bands in SWNTs was studied through the direct
observation of spin-singlet transverse dark excitons using polarized PL excitation spectroscopy [22]. As
shown in Fig. 4, the intrinsic electron-hole asymmetry lifts the degeneracy of the transverse exciton wave
functions at two equivalent K and K’ valleys, which gives finite oscillator strength to transverse dark

exciton states.

85 Position and alignment controlled CVD growth

The patterned growth of SWNTs were developed by patterning of SiO, layer [23] and by patterning
self-assembled monolayer (SAM) film [24]. The first approach [23] is the conventional concept of using
Si0O, patterned Si substrates to selectively grow 3D carbon nanotube structures. High-quality VA-SWNT



patterns can be easily obtained by this protocol. Apart
from the sintering of catalyst into Si at high temperature,
the difference in surface wettability between Si and SiO,
also plays an important role in this selective growth,
which leads us to a novel method of patterning the
growth on chemically modified surfaces. The latter
approach [24] shown in Fig. 5 is based on the substrate
wettability, which is found to be critical for the yield of
SWNTs. On an OH-terminated hydrophilic Si/SiO,
surface, the growth can be promoted by 10 times, but
can be completely suppressed on a CHj;-terminated

hydrophobic surface. Selective surface modification is

utilized to localize the growth of SWNTs. The proposed
technique has advantages in improved simplicity and ~ Figure 5 (a) Schematics describing the process of
potentially better resolution compared to conventional ~ removing OTS SAM by nanometer-size electron
lithography. beam; (b) SEM images of SWNTs grown in the

We used both R-cut and R-face crystal quartz regions where OTS were selectively removed,
substrates for the efficient growth of horizontally aligned ~ suggesting the location and density of SWNTs can

SWNTs [25]. The R-plane (10-11) is one of the  be controlled.

low-index crystallographic planes of crystal quartz. The
surface cut from a synthetic quartz block parallel to the R-plane was
used as R-cut substrates, and the exposed R-plane was used as R-face
substrates. We elucidated that the atomic structure of the R-plane
causes the alignment of the SWNTs. While a step-and-terrace structure
clearly appeared on R-face substrates, SWNTs were aligned on the
terraced area of the R-plane, regardless of the direction of the step
edges. Comparison between R-face and ST-cut substrates suggests that
the ST-cut surface can be considered as a collection of tiny r-plane
(01-11) domains, which are very similar to the R-plane (10-11).

We found the density of horizontally aligned SWNTs depends
on partial pressures of carbon source gas [26]. We also examined the

time devolution of horizontally aligned SWNT. By extending and

broadening the distribution of the incubation time, high-density
horizontally aligned SWNTs were achieved as shown in Fig. 6. Figure 6. Density controlled
CVD growth of horizontally
86 All-carbon flexible FET aligned SWNTs on R-cut crystal
A carbon nanotube FET is a promising candidate for future  quarts substrate.
electronic devices; however, its fabrication process is still challenging.

We propose a simple fabrication technique for CNT-FET arrays using as-grown SWNTSs as the gate channel



[27].
Later, we have demonstrated CNT-FET

. SWNT
L channel 4

using as-grown SWNTs for the channel as well
as both source and drain electrodes. The

underlying Si substrate was employed as the

back-gate electrode. As shown in Fig. 7,

patterned VA-SWNTs was used for electrodes

[28]. The electrodes and channel were grown

simultaneously in one CVD process. The

resulting FETs exhibited Ton/logs ratios exceeding Figure 7. Fabricated FET using as-grown SWNTs for the

10° and a maximum ON-state current of more channel as well as both electrodes.

than 13 pA. (@ (b)
Finally, we demonstrated S — PR in
PVA layer (middle) 15 :Jrn[. . “f
polymer-laminated, transparent, V —— .
all-carbon-nanotube FET, making use of the
SWNT S/D-electrodes and

flexible yet robust nature of SWNTs as shown SWNT channel (botiom)

in Fig. 8. All components of the FET (active (c) SWNT

channel

channel, electrodes, dielectric layer, and

substrate) consist of carbon-based materials.

electrode

The use of a plastic substrate that is |

considerably thinner than those used in other Figure 8. (a) Schematic of the layered structure of

flexible CNT-FETs allowed our devices to be fabricated transparent all-CNT-FETs. (b) Schematic

highly deformable without degradation of cross-section diagram of the device. (¢) SEM image of

electrical properties [29]. the FET channel region obtained prior to removal from
the master Si substrate. (d) Photograph of a crumpled,
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