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We report, herein, a rational approach to measure the growth rate of individual SWNTs. 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 byν ) LCNT/t, whereν is the growth rate,L is the length of the segment, and
t is its growth time. The results show that the growth rates of SWNTs growing at 950°C are higher than
those at 900°C, and the growth rate at 950 or 900°C 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
ideal candidate for making the next generation electronic cir-
cuits due to its superior electronic and physical properties.1-4

The critical step in fabricating the full SWNTs’ electronic
circuit is to grow SWNTs in a controlled manner, during
which the growth rate is a crucial issue. A reliable method to
measure the growth rate of an individual SWNT will be not
only helpful to control the length and locate the site of
SWNTs in site-specific and/or aligned growth,5-11 which is
important for the construction of SWNT-based devices, but
also instructive to understand the growth mechanism of
SWNTs.5,12-18 By far, nearly all of the methods to measure the
growth rates are limited to identifying the beginning and the
end of a timed growth,19-24 and a convincing approach is still
being expected.

We report, herein, a rational approach to measure the growth
rate of individual SWNTs. Well-separated, orientated, and long
SWNTs with controlled intramolecular junctions were grown
on a surface25 by designed temperature-mediated chemical vapor
deposition (CVD) using ethanol as the carbon source and FeCl3

or CoCl2 as catalyst precursor (see Supporting Information for
details). Using the intramolecular junction as a Raman-identifi-
able mark (see Figure S2) to confirm the starting and finishing
position of the tube growth,25-29 the growth rate of SWNTs
could be calculated byν ) L/t, whereν is the growth rate,L is
the length of the segment which can be measured by Raman
mapping, andt is its growth time.

As we reported in the last paper, a Raman-identifiable
intramolecular junction could be introduced in SWNTs by

temperature-mediated CVD.25 Figure 1a-d shows four typical
designed processes to introduce intramolecular junctions in
SWNTs in a controlled manner. Processes A (Figure 1a) and B
(Figure 1b) were designed to measure the average growth rates
of SWNTs catalyzed by the different nanoparticles at the same
or different temperatures, while processes C (Figure 1c) and D
(Figure 1d) were designed to measure the average growth rates
of SWNTs catalyzed by the same catalytic particles at the same
or different temperatures.

Figure 1e is a typical scanning electron microscopy (SEM)
image of individual SWNTs grown by process A, in which two
1 min temperature oscillations (from 900 to 950°C and from
950 to 900°C) were used. As shown in Figure 2a, Raman
spectra mapping of the G band indicated that two intramolec-
ular junctions were introduced, and thus, the SWNT was
separated into three segments. The growth rate of the second
one (shown in light green) can be calculated byν ) L/t. The
length of the segment was obtained through SEM and Raman
mapping data, and the growth timet was estimated to be about
10-12 min or 20-22 min, according to the length of step II.
The growth rate of the six tubes at 950°C was listed in Figure
2b. Most calculated growth rates are around 5µm/s, with the
highest at 22.4µm/s and the lowest at 4.5µm/s. It is evident
that the growth rates of the second segments growing at 950
°C in 10 min are generally higher than those at 950°C in 20
min.

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 900°C were obtained and are listed in
Figure 2b. Similarly, the growth rates of the second segments
growing at 900°C in 10 min are generally higher than those at

* To whom correspondence should be addressed. Tel. and Fax: 86-10-
6275-7157. E-mail: jinzhang@pku.edu.cn.

8407

2007,111,8407-8409

Published on Web 05/25/2007

10.1021/jp072888k CCC: $37.00 © 2007 American Chemical Society

D
ow

nl
oa

de
d 

vi
a 

PE
K

IN
G

 U
N

IV
 o

n 
Ju

ne
 3

0,
 2

02
0 

at
 0

4:
51

:4
7 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.



900 °C in 20 min. Comparing process A with B, it is easy to
see that the growth rates of the second segments growing at
950 °C in 10/20 min are generally higher than those at 900°C
in 10/20 min, respectively.

To verify the temperature effect on the growth rate of the
same catalyst nanoparticle, processes C and D were designed.
Figure 1f is a typical SEM image of SWNTs in which four 1
min temperature oscillations were introduced. Thus, as shown
in Figure 3a, Raman spectra mapping of the G band indicated

that four intramolecular junctions were produced, and tube 12
(SEM images shown in Figure S1) was separated into five
segments. Similarly, the growth rate of the second, third, and
fourth ones (shown in sky blue, light green, and yellow,
respectively) can be calculated byν ) L/t (see Figure 3b).
Again, the growth timet is about 10-12 min. For process C,
most calculated growth rates are around 5µm/s, with the highest
at 8.3µm/s and the lowest at 0.8µm/s. It is easy to see that (i)
the growth rates of the second and fourth segments growing at

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.

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 bar is 1µm. (b) The growth rates of the
second segment, which belong to 10 individual ultralong SWNTs in processes A or B.
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950 °C are higher than that of the third segment growing at
900 °C and (ii) the growth rate at 950°C decreases with the
passage of time, as the growth rate of the fourth segment is
lower than that of the second segment.19 Similar phenomena
were also shown in process D.

The correlation between SWNT growth rate, growth tem-
perature, and growth time is consistent with previous work.19

What is more, the reliability of this approach has been greatly
improved. However, the growth rates still have a relative
error of -9% (taket ) 10/20 min as standard). A practical
way to improve it is to shorten the temperature oscillations.
As is estimated, it takes less than 0.01 s for the formation of
the junction, as the AFM data show that the length of the
junction is below several nanometers and the growth rates
of the SWNTs are about several micrometers per second.25

If the oscillation could be shortened to 0.1 min and the junc-
tions could still be produced, the growth time of the SWNT
segments would be 10-10.1 min or 20-20.1 min. As a result,
the relative error of the growth rates would be reduced to less
than 1%.

In summary, the growth rates of individual ultralong SWNTs
catalyzed by the same or different catalytic nanoparticles at
different temperatures were measured by Raman spectroscopy
when intramolecular junctions were produced controllably in
the growth process as Raman-identifiable marks. Experimental
results with good regularities were obtained in our CVD system,
indicating that (i) the growth rates of SWNTs growing at 950
°C are higher than those at 900°C and (ii) the growth rate at
950 or 900°C decreases with the passage of time. The main
cause of the error when the intramolecular junctions were
produced during the temperature oscillations is unknown, and
the approach can be improved if the time of the temperature
oscillation can be shortened.
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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 bar is 1µm. (b) The growth rates of the second,
third, and fourth segments of four individual ultralong SWNTs in processes C or D.
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