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Single-walled carbon nanotubes (SWNTs) can be metallic or
semiconducting and generally coexist with '/; metallic SWNTs (M-
SWNTSs) and %3 semiconducting SWNTs (S-SWNTSs) in as-grown
materials. One of the main challenges is to generate pure S-SWNTs
or M-SWNTs. Particularly for SWNT-based field effect transistor
(FET) application, in situ growth of well-oriented S-SSWNTs with high
density are required. Superlong SWNTSs with the same chirality and
diameter will provide an opportunity to fabricate millions of multi-
devices with consistent performance, which is one of the important
issues for real nanoelectronics applications. Many efforts have been
put into the generation of aligned long nanotubes by various methods,'
and pure S-SWNTs or M-SWNTs as well.*® Several techniques
including FET,” Raman microscopy,’ fluorescence spectroscopy,'® and
UV—vis—NIR* have been applied to identify the structures of SWNTs.
However using FET one needs to fabricate the devices and measure
their transportation characteristics. Using Raman spectroscopy to
identify individual nanotubes is often hampered by the poorly defined
position and orientation of the nanotubes. Furthermore, a facile and
effective method needs to be developed to evaluate the structural
uniformity along the length of the SWNT. In this paper, we
demonstrate that centimeter-long oriented SWNT arrays on a SiO,/Si
wafer with a low percentage of M-SWNTs (~5%) can be generated
by CVD using Fe/Mo nanoparticles as catalyst and ethanol as carbon
source. A simple approach, electrodeposition of silver on long oriented
SWNT arrays, has been developed to identify the structure and to
evaluate the structural uniformity of an individual long SWNT, as well
by using Raman spectroscopy.

The superlong oriented SWNT arrays on silicon wafer (with 1 um
oxide layer) were grown by CVD using Fe/Mo nanoparticles as catalyst
and ethanol as carbon feedback.*(detailed experiment in Supporting
Information). One side of the wafer (catalyst side) was coated with
silver conducting adhesive or Au layer as an electrode. The elec-
trodeposition of Ag was performed under the condition of 0.1 mM
AgNO; and 10 mM KNOj aqueous solution. The Raman spectra were
taken under ambient conditions by using a laser excitation of 514.5
nm (2.41 eV) and 632.8 nm (1.96 eV) from an air-cooled Ar* laser
and He—Ne laser, respectively. Figure 1 is the typical SEM image of
as grown superlong well-oriented SWNT arrays on the wafer. The
inset is a high magnification image showing the straight and parallel
structure of the arrays. The length of the wafer is about 1.2 cm. Most
of the nanotubes can grow from one side to another side of the wafer,
indicating the length of the SWNT arrays in centimeter scale. Such
parallel nanotube arrays make it possible for us to connect all the
nanotubes with conducting metal, which can be used as a electrode
for electrochemical deposition of metals. Figure 1b is the SEM image
of the nanotubes after electrodeposition for 10 s in 0.1 mM AgNOs
solution at —0.6 V. It can be seen from that after electrodeposition
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Figure 1. SEM images of well-oriented SWNT arrays on silica wafer (a)
after electrodeposition of Ag for 10 s at —0.6 V. The bright line as indicated
by the arrows is the solution boundary (b) (bottom is the electrode side). Some
of the nanotubes were found not to be deposited with Ag particles (c); no Ag
particles were deposited on physically cut SWNT arrays (without connection
to the electrode) (d).
the nanotubes are much brighter than the original ones because of the
deposition of silver particles on the sidewalls of the SWNTs (Figure
1b). The line as indicated by arrow in the Figure 1b is the solution
boundary. After careful check by SEM it is interesting to find that no
Ag particles can be found on some of the long nanotubes surface as
shown in Figure Ic, in which 7 of 12 have Ag particles (inserted is
the high magnification of nanotubes with and without Ag particles on
surface). As shown in Figure 1d it is also found that when the
nanotubes were cut (indicated by the arrows) before electrodeposition
Ag particles were only deposited on the nanotubes which connected
to the electrode. Note no Ag particles deposit on the surrounding SiO,
substrate. It is also noted that Ag can be also deposited on the short
nanotubes which do not connect to the electrode but connect to long
oriented nanotubes. This experimental observation indicates that the
connection of the nanotubes to the electrode is necessary for deposition
of Ag on their surface. The selective deposition of Ag on some of the
long SWNTs is believed to be related to their electronic structures.
As reported earlier, Au and Pt can be electrolessly deposited on
SWNTs'' and metals such as Ag, Au, Pd, etc. can be deposited
electrochemically onto short random SWNTSs on substrate.'? The
difference between the long oriented SWNT arrays and short random
SWNTs is that all the parallel long SWNTSs can be connected to an
electrode and they are distinguishable, while short random SWNTSs
do not. It is easy to identify that whether Ag particles are deposited
on their surface. After careful examination of total 1832 long oriented
SWNTs on three different samples, we find that 586 nanotubes (32%)
have no Ag particles after 10 s deposition at —0.6 mV. As mentioned
above, Raman spectroscopy is a powerful tool and has also been
intensively used to characterize the structures of SWNTs. In the Raman
spectrum of a single nanotube, the G-band between 1500—1600 cm ™
is related to the Raman-allowed tangential G-mode of graphite that
occurs at about 1582 cm ™. The G-mode can be used to identify the
semiconducting or metallic structure of a SWNT. M-SWNT has
broadened line shape fitting with Breit—Wigner—Fano (BWF) line
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Figure 2. SEM image (a) and typical Raman spectra (type A, B, C, and D)
from isolated individual SWNTs (b).
and S-SWNT has Lorentzian line shape. Although many research work
has been done on individual SWNTS, to achieve the Raman spectrum
of individual SWNTS on a surface is still very difficult because of the
poorly defined position and orientation. The deposition of Ag on long
well-oriented nanotubes makes it possible to know the precise position
of the nanotubes because of their visibility under optical microscopy
(see Supporting Information). The density of the parallel arrays of long
SWNTs is around 4~5 nanotubes/20 ym in our samples. The spot
size of the laser is around 2 xm. Suitable density and visibility or
identical position of the nanotubes make it possible to acquire Raman
spectrum from isolated individual SWNTs. The nanotubes without Ag
particles are also easy to find by using the nearby nanotubes which
has Ag particles and the edge of the electrode as reference with the
help of SEM observation. We exam 98 individual long nanotubes
among which 28 nanotubes have no Ag particles by Raman using
Easer = 2.41 eV (20mw) and find four types of G-band, type A, B, C,
and D. Type A, B, and C are acquired from SWNTs with Ag
deposition and type D from nanotubes without Ag deposition. Only
four nanotubes (4.1%) are type A which are typical metallic nanotubes
with broadened BWF and a Lorentzian peak around 1588 cm ™' (small
shift for different nanotubes) and 61 nanotubes (62.3%) are typical
S-SWNTs having strong sharp peaks at around 1594 cm™' with a
small peak at 1570 cm™ ' (type C). There is a very small amount of
type B (5 nanotubes, 5.1%) which is different either from metallic or
semiconducting. It is believed that type B corresponds to the so-called
quasimetallic nanotube (or small band gap semiconducting nanotube)
as Dai reported.'® What is interesting to find is that type D has relatively
weak Raman scattering signals compared with the other three types.
The ratio of I;s70/l1s94 increases compared with typical S-SWNTs.
These kinds of nanotubes have possibly more defects along the
nanotubes and behave as having an insulator character. The selective
deposition of Ag on SWNTs could relate to their electrical conductivity.
We call them quasi-insulator nanotubes. Although the high power of
the 514.5 nm laser was used, it is still necessary to use a multiple
laser line to identify the structures of the SWNTSs, particularly for
M-SWNT. An Ej; = 1.96 eV (632.8 nm, 3 mw) laser was then used
to collect the G-band from the SWNTs and similar results were
obtained; 5 out of 83 long nanotubes with Ag deposition are
M-SWNTs. Thus, the low percentage of M-SWNTs (~5%) in long
well-oriented SWNTs is further confirmed. This is believed to be
related with their tip-growth mechanism and long length.'*'3

The deposition of Ag along the nanotubes may also provide a facile
and effective probe to identify the structural uniformity. It is noted
that for most of the nanotubes Ag can be deposited on whole nanotubes
(except without Ag deposition), even if the nanotubes are a centimeter
away from the electrode, indicating most of the nanotubes have
electronic and structural uniformity, which is very important for the
consistency of the performance of the multidevices fabricated on one
long nanotubes. However, as the similar situation was observed from
random nanotubes, the density of the Ag particles decreases along the
nanotubes away from the electrode and depends on the deposition
voltage and time (Supporting Information). It is also observed in some
nanotubes that the Ag particles only deposit on part of the nanotube
as shown in Figure 3a (nanotube 1). Careful observation by SEM
shows that a kink structure indicated by the arrow in the inserted image

Figure 3. SEM image of well-oriented SWNT arrays with kink structure (a);
Raman spectra of nanotube pigments before and after kink (b).

is found. Raman spectra taken from the position before and after the
kink (Figure 3b) reveal the change of the structure. Before the kink it
has typical semiconducting character (A) while after kink (B) it appears
type D-like. This change is believed to be due to the defects caused
by the kink structure. This also provides the evidence for a high
percentage (32%) of type-D nanotubes because of the defects caused
during the prolong growth time, which affects the electronic charac-
teristics of the SWNTs.'*!¢

In summary, we have developed a facile and effective method to
identify the structure of superlong well-aligned SWNTs by the
combination of electrodeposition of Ag on the SWNTs with Raman
spectroscopy. The suitable density and the visibility of the Ag-deposited
long nanotubes make it possible to acquire Raman spectra from isolated
individual long nanotubes very easily. The results reveal that the well-
oriented SWNT arrays on SiO,/Si wafer fabricated by EtOH-CVD
using Fe/Mo nanoparticles as catalyst exhibit a lower percentage of
M-SWNTs (~5%). Among other SWNTSs, ~62% are S-SWNT and
~32% are so-called quasi-insulators, a characteristic which is caused
inevitably by the defects during growth. Small amount of nanotubes
are quasimetallic. Furthermore, the structural uniformity of the long
SWNTs can be also evaluated by the deposition of Ag along the length
and Raman spectroscopy. This method also provides an approach to
deposit other metal on long SWNTSs which could have various potential
applications such as sensors, etc. More importantly, this facile method
can be applied to long SWNT arrays fabricated from other different
catalytic systems so that the relationship between the growth conditions
and the structures of SWNTSs can be expected to be ruled out.
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