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Growing carbon nanotubes by microwave plasma-enhanced chemical
vapor deposition

L. C. Qin,? D. Zhou,” A. R. Krauss, and D. M. Gruen
Materials Science and Chemistry Divisions, Argonne National Laboratory, MSD/CHM 200, Argonne,
lllinois 60439

(Received 4 November 1997; accepted for publication 27 April 1998

A processing route has been developed to grow bundles of carbon nanotubes on substrates from
methane and hydrogen mixtures by microwave plasma-enhanced chemical vapor deposition,
catalyzed by iron particles reduced from ferric nitrate. Growth takes place at about 900 °C leading
to nanotubes with lengths of more than géh and diameters on the nanometer scale. 1998
American Institute of Physic§S0003-695(98)01826-9

The extraordinary properties of carbon nanotdtes/e  method(estimated to be 5000—20 000)°ar the laser evapo-
made this allotrope of nanocarbon the most studied nanomaation method4000-5000 °Q It also seems that for grow-
terial for the past few years. Mechanical measurement of thing well-aligned nanotube arralfs-® on solid substrates for
axial Young’s modulus of multiwalled carbon nanotubes potential nanodevice applications, chemical vapor deposition
obtained extremely high values of about 1800 GPa, whicHCVD) methods appear to be most promising.
suggest that carbon nanotubes are the stiffest material known In this letter we report a method that enables growth of
to date. Electronically, a carbon nanotube can behave eith@arbon nanotubes of large aspect ratios on supporting solid
as a semiconductor or as a metal, depending on its diameteratrices by microwave plasma-enhanced chemical vapor
and helicity® This unique electronic property makes carbondeposition. The apparatus is of the same type that has been
nanotubes a novel material that allows tuning of its elecwidely employed to grow nanocrystalline diamond thin
tronic properties by manipulating its atomic structure in or-films .2 However, different conditions have been identified
der to fabricate electronic devices. Carbon nanotubes havéat allow the deposited carbon to grow into graphitic tu-
also been investigated for applications as electric-fieldbules. For example, the growth of carbon nanotubes requires
induced electron emittefs® and a very low onset field of 0.8 higher methane-to-hydrogen ratios compared with the condi-
V/um has been observed from multiwalled carbon nanotubeions under which micro- or nanodiamond thin films are
produced by arc dischar§eRecent experimental studies grown.
have demonstrated that carbon nanotubes possess quantum Alumina substrates (A0s) used for growing the carbon
wire behaviof and electronic property enhancement can behanotubes in our system were first coated with ferric nitrate
achieved by chemical dopirfg. [F&(NO,);-6H,0] solution. The coating of such an iron-

One of the challenging issues has been the synthesis §Pntaining compound has been found to be necessary as the
this form of nanocarbon on large scales ever since it was firdton catalyst particles are essential for both the initial nucle-
observed at the cathode in an electric arc evaporation expeftion and the subsequent growth of carbon nanotubes.
ment where the anode had been consulbdaddition to  Growth takes place in a vacuum chamber in which the sub-
the refinement of the arc discharge technigiifésubsequent ~Strate can be heated to about 850-900 °C. The substrate tem-
developments have led to the realization of many alternativerature was kept constant throughout the deposition pro-
processing techniques, such as laser evapor&titipyroly-  cess. A mixture of methane (GHand hydrogen (B gases
sis of hydrocarbon gases using benzengHg,*® acetylene ~ Were admitted to the deposition chamber through mass flow
(C,H,),* methane (Ch);>% etc1"18 However, given the controllers. The total pressure in the chamber was kept con-
sensitive relationship between the atomic structure and thgt@nt at 15 Torr while the flow rates were 15 and 10 sccm for
properties of the tubules, in order to make carbon nanotubesHs and b, respectively. The microwave plasma input
of practical importance, the criteria for assessing any synthe?OWer was 600 W. A schematic of the experimental setup is

sis technique must include the feasibility and potentiality fordiven in Fig. 1. The lower edge of the plasma was in contact
scaled-up production at low cost as well as the ability toWith the substrate surface during the deposition process. The

control structure. In this regard, gas phase deposition mettfleposited film was studied by scanning electron microscopy
ods have received a great deal of attention since they can hgEM to examine the structure of the as-grown material
conveniently scaled up in production levels, while growthPrior to any postdeposition treatment. _
takes place at moderate temperatugsund 1000 °G; well A typical as-grown morphology of the carbon deposits

below the operating temperature for the arc-dischargd@ken with a SEM is shown in Fig. 2, where large bundles of
tangled carbon nanotubes can be seen. A striking feature is

) that the as-grown nanotubes have quite a uniform diameter
Present address: IBM Corp., Department MXQ/014, 5600 Cottle Road _ ; ; ;
San Jose, CA 95193 Electronic mail: gin@ibm net of about 10—-50 nm, while the typical length is well beyond

bpresent address: Advanced Materials Processing and Analysis Center, U0 4M, resulting in a high aspect _ratio _Qf about 1000 or
versity of Central Florida, Orlando, FL 32816. larger. Two major components are identified: carbon nano-
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FIG. 1. Schematic of the microwave plasma-enhanced CVD apparatus-|s 3 ggM i )

) .3 image of tangled carbon nanotubes produced by the electric
Methanhe and hydtrogenbg?sis entel; thﬁ clt1adr(\thmlnl L rr:Tgrtr basié)m;i:' arc-discharge technique. Note the striking resemblance in morphology of the
surg where a coated substrate can be heated to elevated tempé arc-produced nanotubes with those produced by microwave plasma-

950 °Q. The plasma is excited above the substrate on which carbon Nanos nanced CVD shown in Fig. 2.
tubes are grown.

0c_atalyst particles while the continued heating of the substrate

tubes and soot. It is interesting to note that the carbon nan Id_ auickly bring the i ticles back to th | .
tubes appear superficially very similar to those produced py/ould quickly bring the iron particies back to thermal equi-

electric arc-discharge evaporation, despite the fact that théb”um' Since the temperature of the substrate Is kept con-

two processes operate in vastly different temperature retant, the bottom of the catalytic particle should be hotter

gimes. The similarity is displayed in Fig. 3, which gives ath"’lln trf1e to%} Tl_1|s shoutl_dlreSLrJ]Iﬁ mﬂ:he g:OIWt? of c;a:bon ttu—
SEM image of carbon nanotubes deposited at the cathode Fﬁu €s from the iron particle while the catalyst particies stay

an arc-discharge experimétit should also be emphasized on th.e surface of.the supporting substrate. The presence of
that in our experiment the nanotubes are quite evenly distrib"Eltomlc hydrogen n th? plasma Sh.OUId al_so enhgn(_:e the de-
mposition of ferric nitrate associated with the initial coat-

uted over the total surface of the substrate, which measurés " Po>! _ . i,
25x 50 mn?; while in the arc-discharge method, they oc- "9 into iron particles on the substrate surface, in addition to

cupy only a small portion of the central region of the Cath_enhgr?]cmg th?hd'ﬁtjs'o;] of garbon miol;che !ro?hpart!cles.
ode. The large-area uniformity of the deposition in the € growth rate of carbon nanotubes in theé microwave

present study has important practical implications for arra)plasma—enhanced CVD dgscnbed here .has been found to be
fabrication and other applications much slower than that in the pyrolytic growth reported
' earlier’>® We believe that the difference in growth rate is

We propose that the growth mechanism is catalyst as- d by the t ture diff bet the tw
sisted. Figure 4 depicts a two-step model for the nucleatiofy24S€C BY the temperalure difierence between the two cases,
oting that the pyrolytic deposition was performed at about

and growth of carbon nanotubes by catalytic reaction in .
plasma-enhanced CVD. Nucleation is assumed to occur (,}(200 C. The growth of the nanotubes has been observed to

the surfaces of the iron catalyst particles, as indicated in thgccurin both axial and radial directions. Although the nano-

Fe—C phase diagram. The decomposition of hydrocarbons :I:Hbes appear to be closely associated with _the catalyt|_c par-
ficles, it is not yet clear what effect the size of the iron

a particle surface would result in carbon deposition at its . .
surface. In the meantime, the plasma formed above the suﬁf"talySt particles has on the diameter of the carbon nano-

strate would enhance diffusion of carbon species into thé!

The significance of the present results is twofo{d)

NANOTUBE
[HYDROCARBON] ?LYST

s SUBSTRATE
2

o v, o - FIG. 4. Growth model for the formation of carbon nanotubes in microwave
[_ G - plasma-enhanced CVD. The catalyst particleated onto the substrate sur-

5780, 23KV X”' 20@ l—w“m_‘ face as indicated by a solid arrpwan contain larger amount of carbon in
equilibrium while temperature is raised; the heat needed to decompose
FIG. 2. SEM image of tangled carbon nanotubes of uniform diameter grownmethane moleculeénoving towards the catalytic particle as indicated by
on an alumina substrate by microwave plasma-enhanced CVD. Typical dithe open arroy at the catalytic particle surface lowers the temperature,
ameters of the shown carbon nanotubes are 10-50 nm, while their lengthiesulting in the particle being supersaturated, and therefore, precipitation of
go well beyond 2Qum. excess carbon occurs—forming graphitic tubules at the surface.
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