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COMMUNICATIONS

Deposition of aligned bamboo-like carbon nanotubes via microwave
plasma enhanced chemical vapor deposition
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Aligned multiwall carbon nanotubes have been grown on silicon substrates by microwave plasma
enhanced chemical vapor deposition using methane/ammonia mixtures. Scanning electron
microscopy shows that the nanotubes are well aligned with high aspect ratio and growth direction
normal to the substrate. Transmission electron microscopy reveals that the majority phase has a
bamboo-like structure. Data are also presented showing process variable effects on the size and
microstructure of the aligned nanotubes, giving insight into possible nucleation and growth
mechanisms for the process. @00 American Institute of Physids$S0021-897600)04923-9

Since their discovery approximately 10 yr agoarbon  tubes. The ability to deposit aligned CNTs is technologically
nanotubes have generated much enthusiasm and scientifieneficial for the aforementioned applicatidAs:® however
curiosity due in part to their unique properfiesd potential it should also facilitate fundamental studies of nucleation and
applications® Their high aspect ratio for both single- and growth mechanisms. The purpose of this communication is
multiwalled varieties in combination with electronic proper- to report on the effects of growth temperature and gas phase
ties that can be either conducting or semiconducting makehemistry variations on the nanotube nucleation and growth
these materials ideal for a number of electronic applicationsstructure.

The research presented here was driven primarily by an in- The deposition system used in this study was a 915 MHz
terest in the field emission and field-enhanced ionizatiotMPECVD reactor with 10 kW maximum input pow&tPro-
properties of carbon nanotud€NT) materials. The emis- cess gas flows were adjusted with mass flow controllers. The
sion properties are thus strongly dependent upon both thsubstrate rested on a fused quartz plate, heated by a graphite
physical and electronic properties of the nanotubes. It thereelement. The substrates were prepared by sputter depositing
fore becomes important to gain a better understanding of 10 nm thick iron film onto oxidized Si wafers. The ther-
how to control these properties and the correspondingnally grown oxide of approximately 100 nm was used as a
structure—process relationships. This research will focus odiffusion barrier between the Si substrate and catalyst layer.
the nucleation and growth of multiwalled CNTs depositedPrior to deposition, the iron-coated substrates were pre-
via microwave plasma enhanced chemical vapor depositiotreated in an ammonia gas plasma for approximately 4 min.
(MPECVD). The purpose of this pretreatment was to transform the

One of the benefits of chemical vapor depositi@vD)  smooth iron layer into discrete islands ranging in size from
and surface deposition processes is that one can more easilgo to 200 nm. Following the pretreatment, the methane gas
control the nucleation site as well as differentiate betweenvas introduced into the reactor for the start of the deposition
growth and tail ends of the nanotube. Furthermore, unlike thetage. The pretreatment and deposition parameters are listed
pulsed laser deposition processes, CVD may enable moii@ Table I. Following deposition, surface morphology was
control over such process factors as neutral gas temperatuigamined by both scanning electron microsc¢pEM) and
substrate temperature, and carbon concentration. All of thegsgansmission electron microscop€EM). The TEM speci-
factors make CVD an appropriate choice for the study ofmens were prepared from a cluster of nanotube deposit re-
nucleation and growth processes in CNT deposition. In thisnoved from the substrate and ultrasonically treated in
communication, we report on the deposition of aligned carmethanol. A drop of the suspension was placed on a TEM
bon nanotubes via MPECVD on oxidized silicon substrategyrid and subsequently analyzed.
using an iron catalyst and methane/ammonia mixtures. CVD  Figures 1a) and Xb) show SEM images of aligned
has been used in previous work to grow aligned carborCNTs deposited on the substrate. The nanotubes are almost
nanotubes:™* Ammonia has also been shown in previousparallel to each other and normal to the substrate. Misalign-
work to help stabilize the alignment of carbon nanotubes omnent at the edge is most likely caused by the damage from
nickel ! but twist-like defects also exist along carbon nano-tweezers during handling. The density of CNTs was esti-
mated to be about #&m? by analyzing SEM images.

aAuthor to whom correspondence should be addressed; electronic mail: ~ Figure 2a) shows TEM imaggs of two Qifferent Carbor.]
stoner@physics.unc.edu nanotube structures. The tube without obvious bamboo-like

0021-8979/2000/88(10)/6072/3/$17.00 6072 © 2000 American Institute of Physics

Downloaded 26 Nov 2002 to 152.2.6.144. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 88, No. 10, 15 November 2000 Cui, Zhou, and Stoner 6073

TABLE I. Pretreatment and deposition parameters.

Pretreatment Deposition
Gas NH CH,/NH;
Pressur€rorr) 21 e
Input microwave powetkW) 2.1 2.3
Time (min) 4 40
Flow rate(sccm 50 150/150, 200/100, 240/60
Temperaturg°C) 660-1000

FIG. 2. (a) TEM image of bamboo-like and possible concentric hollow
structure appears to be concentrically hollow with wrinklesstructures anéb) particle at the end of carbon nanotube. Bamboo-like struc-
on the inside wall, suggesting that the inside layers are les&re exists at all depositions performed.
stable. The bamboo-like structure resemble a series of

stacked cones where the thickness of the inner wall increases ) )
from the tip to the body, approaching a uniform diameter. incatalyst surface until the accumulated stresses in the system

each nanotube subsection, the outer thickness is fairly uni¥ould “propel” the nanotube(or catalyst particle away
form, with the inner portion tapering to a tip. This pattern is T0M €ach other creating a fresh surface for subsequent
repeated throughout the length of the bamboo-like nanotubdraphite nucleation. An alternate proposal by Kovalevski and

Figure Zb) shows a particle at the end of the larger nano-Safronov suggests t_h_at a bamboo-like struct_ure can form
tube, with the tip of a bamboo layer surrounding the particleVNen the new graphitic sheath grows more quickly than the

tip. This particle is most likely the iron-based catalyst, how-Ccatalyst moves away from the existing wiierhe latter pro-

ever elemental analysis was not performed as part of thiB0Sal pertained to gas-phase nucleation where the catalyst
study. particle is free to move, whereas in the present study it is

Figure 3 shows a plot of nanotube length as a function ofixed to the subs_trate surface. In the current s_tudy, we haye
deposition temperatures following 40 min growth with maxi- gvalugted the microstructural changes that arise frgm varia-
mum lengths around 10am between 750 and 850 °C. At tions in both 'te':mperature and carbon concgn.tratlo'n in th.e gas
both temperature ends, the length of CNTs decreases. phase. Specifically we have evaluated variations in the inter-

The periodic bamboo-like structure seems to suggest hamboo layer distance. This distance represents a renucle-

continual growth and renucleation mechanism is takingation of subsequent multiwalled nanotube segments and thus

place. The distance between tips within a single tube is thu¥ariations in this dimension may lead to better understanding

indicative of the time lag between renucleation events. ACT the process as a whole. _ ,
this stage the authors are uncertain as to whether the indj- Figure 4 shows a plot of the interbamboo-layer distance

vidual bamboo sections terminate on the inside or outside d°’ hanotubes grown from different methane/ammonia con-
the larger multiwalled structure. However given the continu-Cen'f:fJ‘t"JnS at a substrate' temperature of_ appleX|mat(.aIy
ous nature of the outer tip section shown in the TERIY. 810°C. The data show an increase in spacing with partial
2(a)] we propose that the renucleated tip sections are Cor{:gres_sure_of methane. I_f _the_ formation of the_ bamboo-layer
tinuous to the point where they terminate on the outer wall$ECtions is due to precipitation and renucleation at the cata-
of the tube, forming a series of stacked cones. We expect thAst surface, this increased spacing with carbon concentration

a combination of functional hydrocarbons and disorderet99ests & possible diffusion limited process whereby the
carbon terminate the outer surfaces of these cones. nanotube renucleation event is the rate-limited step. More

Growth models of bamboo-like structure have been Ioro_experimental evidence, however, is required to confirm this

posed in prior work’*® Saito suggested an intermittent

growth model whereby layers of graphite would form on the 120
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FIG. 1. (@) SEM micrograph of aligned carbon nanotubes on substrate, and
(b) surface morphology of aligned carbon nanotubes. Misalignment on thé-IG. 3. CNT length at different temperatures with constant methane/
edge could be caused by a tweezers scratch. ammonia ratio of 200/100 sccm.
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70 The reasons for this trend are not yet well understood.
) What we appear to have are two competing processes: the
% 60 growth of the multiwalled segments and renucleation of sub-
g sequent segments. Future studies will focus on the differen-
g 50 tiation between nucleation and growth modes with an em-
= phasis on understanding the role of carbon incorporation at
5 both basal and tip regions of the tube. Furthermore, we will
E‘ 40 * evaluate the effects of nanotube nucleation and growth as a
é function of particle composition, allowing us to differentiate
£ 30 4 among the effects of carbon solubility, surface, and bulk dif-
g fusivities.

"j_ 20 In summary, aligned CNTs have been deposited using
g methane/ammonia mixtures via MPECVD. Density of car-
=~ 10 _ i bon nanotubes is about 46m 2. The majority phase is

0 1 2 3 4 5 found to have a bamboo-like structure with concentric hol-
low structures also in existence. Further measurements such
as high resolution TEM and elemental analysis are needed to
FIG. 4. Interbamboo-layer distances at different methane/ammonia ratio&0Nnfirm the structure and growth model. From the above
Due to nanotubes tending to tangle together, the interbamboo-layer distangliscussion, both substrate temperature and carbon concentra-

is averaged ranging from two to five nanotubes for each growth conditionstion in the gas phase have Signiﬁcant effects on the micro-
In each nanotube, at least five interbamboo-layer distances are measured and

al . .
averaged and for the most ten interbamboo-layer distances are measured a%tﬁuclture of aligned mUIt'W?‘”ed t_Ubes- It also _mUSt be em-
averaged. phasized that the above discussion does not include effects

from nanotube diameter, a subject of future work.
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