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We report, herein, a rational approach to measure the growth rate of individual SWNTSs. Intramolecular junctions
could be produced controllably by temperature-mediated chemical vapor deposition (CVD) and used as a
Raman-identifiable mark to confirm the starting and finishing position of a SWNT. Thus, the growth rate of
SWNTs could be calculated by= Lcnt/t, wherew is the growth ratel. is the length of the segment, and

t is its growth time. The results show that the growth rates of SWNTs growing at@5ire higher than

those at 900C, and the growth rate at 950 or 90C decreases with the passage of time. We believe this
approach provides an easy way to measure the growth rate of an individual SWNT and that it is a good
starting point to study the growth behavior of SWNTs and for constructing SWNT-based device.

Single-walled carbon nanotubes (SWNTs) would be an temperature-mediated CV® Figure la-d shows four typical
ideal candidate for making the next generation electronic cir- designed processes to introduce intramolecular junctions in
cuits due to its superior electronic and physical propettiés.  SWNTs in a controlled manner. Processes A (Figure 1a) and B
The critical step in fabricating the full SWNTSs’ electronic  (Figure 1b) were designed to measure the average growth rates
circuit is to grow SWNTs in a controlled manner, during of SWNTSs catalyzed by the different nanoparticles at the same
which the growth rate is a crucial issue. A reliable method to or different temperatures, while processes C (Figure 1c) and D
measure the growth rate of an individual SWNT will be not (Figure 1d) were designed to measure the average growth rates
only helpful to control the length and locate the site of of SWNTs catalyzed by the same catalytic particles at the same
SWNTs in site-specific and/or aligned growati! which is or different temperatures.
imporf[ant for_ the construction of SWNT-based deviC(_es, but  Figure 1e is a typical scanning electron microscopy (SEM)
also instructive to understand the growth mechanism of jnage of individual SWNTs grown by process A, in which two
SWNTs>118 By far, nearly all of the methods to measure the 1 min temperature oscillations (from 900 to 980 and from
growth rates are limited to identifying the beginning and the 950 to 900°C) were used. As shown in Figure 2a, Raman
end of a timed growt?~2* and a convincing approach is still  spectra mapping of the G band indicated that two intramolec-
being expected. _ ular junctions were introduced, and thus, the SWNT was

We report, herein, a rational approach to measure the growthseparated into three segments. The growth rate of the second
rate of individual SWNTs. Well-separated, orientated, and long gne (shown in light green) can be calculatediby: Lit. The
SWNTSs with controlled intramolecular junctions were grown |ength of the segment was obtained through SEM and Raman
on a surfac® by designed temperature-mediated chemical vapor mapping data, and the growth tirhevas estimated to be about
deposition (CVD) using ethanol as the carbon source ansFeCl 1012 min or 26-22 min, according to the length of step I.
or CoCb as catalyst precursor (see Supporting Information for e growth rate of the six tubes at 9%0 was listed in Figure
details). Using the intramolecular junction as a Raman-identifi- >p, \Most calculated growth rates are aroungdrs/s, with the
ablg _mark (see Figure S2) to confirm the starting and finishing highest at 22.4um/s and the lowest at 4&m/s. It is evident
position of the tube growtf;2° the growth rate of SWNTS 5t the growth rates of the second segments growing at 950

could be calculated by = L/t, wherev is the growth ratel. is °C in 10 min are generally higher than those at 960in 20
the length of the segment which can be measured by Raman,;,.

mapping, and is its growth time.
As we reported in the last paper, a Raman-identifiable
intramolecular junction could be introduced in SWNTs by

For the process B, the only difference from process A is the
direction of the temperature oscillations. The growth rate of the
SWNTs growing at 900C were obtained and are listed in

* To whom correspondence should be addressed. Tel. and Fax: 86—10—Fi9ur_e 2b. Sim”ar.Wv the grOWth rates of the second segments
6275-7157. E-mail: jinzhang@pku.edu.cn. growing at 90C°C in 10 min are generally higher than those at
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Figure 1. (a), (b), (c), and (d) Schematic diagrams of temperatures and time for the four growth processes A, B, C, and D, respectively. (e) and
(f) SEM images of typical growth results.
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Figure 2. (a) The G-band evolution along tube 3, which consists of three segments (shown in red, light green, and dark green, respectively). The
G band along each segment is relatively constant and experiences a sharp shift at the boundary of each of the two segments. The inset in (a) is an
atomic force microscopy (AFM) image of tube 3, showing that tube 3 is an individual SWNT. The scale hamisti) The growth rates of the

second segment, which belong to 10 individual ultralong SWNTSs in processes A or B.

900 °C in 20 min. Comparing process A with B, it is easy to that four intramolecular junctions were produced, and tube 12
see that the growth rates of the second segments growing a{SEM images shown in Figure S1) was separated into five
950°C in 10/20 min are generally higher than those at 900  segments. Similarly, the growth rate of the second, third, and
in 10/20 min, respectively. fourth ones (shown in sky blue, light green, and yellow,
To verify the temperature effect on the growth rate of the respectively) can be calculated by= L/t (see Figure 3b).
same catalyst nanoparticle, processes C and D were designedigain, the growth time is about 16-12 min. For process C,
Figure 1f is a typical SEM image of SWNTSs in which four 1 most calculated growth rates are arouneh®'s, with the highest
min temperature oscillations were introduced. Thus, as shownat 8.3um/s and the lowest at 0/8m/s. It is easy to see that (i)
in Figure 3a, Raman spectra mapping of the G band indicatedthe growth rates of the second and fourth segments growing at
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Figure 3. (a) The G-band evolution along tube 12, which consists of five segments (shown in dark blue, light blue, light green, yellow, and red,
respectively). The G band along each segment is relatively constant and experiences a sharp shift at the boundary of each of the two segments. The
inset in (a) is an AFM image of tube 12, showing that tube 12 is an individual SWNT. The scale hamis(lt) The growth rates of the second,

third, and fourth segments of four individual ultralong SWNTs in processes C or D.
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