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The physical properties of carbon nanotubes depend sensitively
on their atomic structures including diameter and chirdfifyan
intriguing characteristic of nanotubes that has captured the
attention of researchers worldwide. Aimed at elucidating this
unique property and exploring its applications, various nanotube-
based devices have been obtained and charactérizéids now
widely recognized that well-defined properties and device char- - "
acteristics of nanotubes require the synthesis of homogeneousFigure 1. Aligned multiwalled carbon nanotubes grown on porous silicon
nanotube materials. An indispensable prerequisite to such controlsubstrates. (a) Scanning electron microscopy picture of an as-grown
of nanotube structural homogeneity is an in-depth understandingMWNT array. (b) TEM image of a bundle of nanotubes, the left end is
of the nanotube growth mechanism, a topic that has been undeithe bottom, the right end is the top. (c) A zoomed-in view of the bottom
extensive investigation since the discovery of the carbon nano- side of (b), darker particles are catalytic iron particles. (d) A zoomed-in
tubel® Various theoretical models of nanotube growth have been Vview of the top side of (b), capped nanotube tips are visible.
suggested!~17 However, direct experimental evidence to support . )
any of the models is scarce. Here we repdiaisotope-labeling The EOFOUS SIIICOD su_bstra_te was prepared by electroche_m|ca|
method for revealing the growth mechanism of the multiwalled ©tching:® A 5 nm thick iron film was electron-beam deposited
nanotubes (MWNT) made by chemical vapor deposition (CVD). onto the substrate and then annealed at 3G0overnight.
12C- and 1*C-ethylene are introduced successively in designed Nanotube growth was carried out at 7&? in a 26 mm quartz
sequences to grow arrays of aligned MWNeTgontaining  tube housed in a tube furnacéC,H, or **C;H, was flown at
intratube 2C—13C junctions on porous silicon substrate. The 140 sccm (standard cubic centimeter per minute), diluted by a
alignment of the nanotubes allowed post-growth microscopy C0-flow of 260 sccm of argon under 1 atm pressure for the growth
analysis for locating the positions of catalytic particles and ©f MWNT arrays. The growth time was 1 min, after which no
identifying the chemical compositions along the length of the purlfllcatlon or any other treatment step was ta}ken to the sample.
nanotubes. Th&C and™C isotope portions along the length of ~ 1he**C-ethylene (both C atoms at&C) was obtained from Isotec
the nanotubes can be clearly identified by micro-Raman spec- C0- and had a 99%°C purity. The ?C-ethylene contained
troscopy. This enabled us to establish a relationship between theh€gdligible amount ofC isotope at its natural abundance of 1.1
feeding sequence 8fC,H, and2C,H, and the locations ofC atom %. ) )
and2C atoms in the nanotubes relative to the catalyst particles 1€ as-grown MWNT arrays had uniform height of 1, as

and hence to provide a direct experimental picture for the CvD Shown in Figure la. For microscopy study, small bundles of
growth of carbon nanotubes. MWNTs were pulled out from the array with an atomic force

microscope (AFM) tip® and carefully transferred onto a transmis-
* Correspondence should be addressed to this author. E-mail: fss- sjon electron microscopy (TEM) grid, with their top and bottom
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Figure 2. Micro-Raman spectra of isotope-labeled MWNT arrays. (a)
Pure!2C nanotube array (dotted) and puf€ nanotube array (dash
dotted) spectra. (b) Nanotube arrays grown W@ ethylene first and
then13C ethylene. (c) Nanotube arrays grown Wb ethylene first and
then2C ethylene. The solid curves in the left plots are Raman spectra
recorded at the locations circled in the right-hand side images;f@re

or 13C spectra are also plotted for comparison (upshifted for clarity).

of wiscwizc ~ 0.96. Considering that the frequencies of Raman

modes are inversely proportional to the square root of the atomic

mass, and that the respective forces constants it*@and*C
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Figure 3. Growth model of MWNTSs. The black oval is the metal catalyst
attached to the substrate (white dotted region), the shaded zone in the
nanotube and the ethylene molecular representd3dsotope atoms.
Four snapshots from left to right show the growth process8€a-13C
nanotube junction.

catalyst particle stays on the substrate throughout the growth
process. Initially, @%C nanotube segment grows out from the
catalyst to a certain length whéfC ethylene is introduced into
the system. As the gas source is switche&@ethylene, &3C
nanotube stem grows out from the catalyst, pushing the already
grown 2C segment upward and forming *C—3C nanotube
junction. Thus, the combined microscopy and microspectroscopy
studies unambiguously reveal that the extrusion mechafhigm
operates in our CVD grown of MWNTSs, and rule out any other
possible growth mechanisms.

The second feeding sequence was inversed, iti@atthylene
was first introduced for 15 s and théfC ethylene for 45 s. In
this case (Figure 2c), the Raman spectra clearly revealed that the
13C atoms were at the top segments of the nanotubes and the late
introduced °C atoms were at the bottom segments of the
nanotubes, which reinforces the nanotube growth mechanism
described above.

From the Raman spectroscopy results shown in Figure 2, one
clearly sees that the top segments of the nanotubes consist of
only the first introduced isotope carbon atoms. Moreover, TEM
observations reveal that the nanotubes are composed of graphitic

nanotubes are equal, we readily derive that the frequencies ofgpgig parallel to the tube axis and that the numbers of shells are

the Raman modes dfC and**C nanotubes are related by,

W13c = O1oc X A/Myoc/Myse = 01, x 0.9608

this is in excellent agreement with our experimental finding and
implies that for nanotubes grown under desigriiég,H, and

constant throughout the lengths of the nanotubes. Two conclusions
can be drawn from these results. First, all the graphitic shells of
the nanotube extrude from the catalyst particle; no direct
deposition occurs on the grown tube stem. The absent of such
over-coating is desired in terms of synthesizing clean nanotubes
for device applications. Second, no separate graphitic shell

13C,H, feeding sequences, micro-Raman spectroscopy can readilyextrudes over other shells either in the outside or inside of the

locate the position of tht?C and'3C isotopes in the nanotubes.

nanotube. Therefore, we can conclude that synchronized extrusion

Two feeding sequences of isotope ethylene were used for theoccurs for all the shells of the multiwalled nanotubes from the

growth of*2C—13C nanotube junction arrays. In the first sequence,
12C ethylene was introduced for 15 s and then switchetGo
ethylene for another 45%.To avoid any possible disturbance to
the growth process, no purge step was taken to depf€e
ethylene before introducingC-ethylene. Micro-Raman measure-

catalyst, as suggested in the “Yarmulke” mechiamém.

The results in this communication provide a clear picture of
the growth process of multiwalled carbon nanotubes in CVD and
represent a step forward toward fully understanding the growth
mechanism of nanotubes. The method can be naturally extended

ments revealed that at the top of the nanotubes arrays, theto study the growth mechanism of single-walled carbon nanotubes.

nanotubes consist of purel§C, while at the bottom, the nanotubes
consist of mostly'3C (Figure 2b}® Since'*C was fed into the

Further, the formation of?°C—%C nanotube junctions suggests
that nanotube-based intermolecular devices can be obtained by

system earlier thad®C, the result clearly reveals that the top using controlled chemical growth methods. The isotope-labeling
segments of the nanotubes are formed chronically earlier in the method shall also prove powerful in investigating the catalytic
growth process than the lower segments. Combined with the growth mechanism of other forms of nanotubes and nanowires.
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