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Control of carbon nanotube morphology by change of applied bias field
during growth
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Carbon nanotube morphology has been engineered via simple control of applied voltage during dc
plasma chemical vapor deposition growth. Below a critical applied voltage, a nanotube
configuration of vertically aligned tubes with a constant diameter is obtained. Above the critical
voltage, a nanocone-type configuration is obtained. The strongly field-dependent transition in
morphology is attributed primarily to the plasma etching and decrease in the size of
nanotube-nucleating catalyst particles. A two-step control of applied voltage allows a creation of
dual-structured nanotube morphology consisting of a broad base nanee@fé nm dia) with a

small diameter nanotuble-7 nm) vertically emanating from the apex of the nanocone, which may

be useful for atomic force microscopy. )04 American Institute of Physics

[DOI: 10.1063/1.1830091

Carbon nanotube@CNTs) have attracted much attention successful applications of nanotubes. A cone-shaped struc-
in recent years because of their unique electrical, mechanicaijre can provide mechanical stability yet provide very sharp
and various physical propertié‘s*% For many potential appli- tips, which may be useful for enhanced electron field emis-
cations, aligned CNT geometry is important. It is well known sion. In the present work, we report how a manipulation of
that vertically aligned nanotube arrays can be grown byapplied dc bias can be utilized to control the CNT morphol-
plasma-enhanced chemical vapor depositiBBCVD) pro-  ogy, from tube to cone shape, as well as to synthesize com-
cessing, either microwaVer dc plasma®™*? posite nanotube configurations during CVD growth.

The growth of CNTs by dc PECVD involves many pro- Arrays of aligned CNTs with different morphologies
cessing parameters, such as bias field, plasma power, tenvere grown on Ni catalyst particles using a dc PECVD pro-
perature, chamber pressure, and feed gas composition coigess. A nickel catalyst laygr5 nm thick was first depos-
position. The growth direction of the nanotubes can bdted onto then-type Si(100) substrates. The base pressure of
controlled by the electric field related to either applied biasvacuum chamber was maintained-a6x 1072 Torr of H,.
or plasma-induced bias. In general, the CNTs synthesized bypon heating to~700 °C, the Ni film broke up into islands
dc plasma CVD processing are of “nanofiber’-type multi-with average diameters of 30-40 nm. The ammonia gas
walled nanotubes with the graphene layer walls positioned &fNH3) was then fed into the chamber and a dc bias of 450,
some angles rather than having the walls parallel to the lon§00, 550, or 600 V was applied between the anode above the
axis*® The nanotubes grown by microwave plasma CVD orsample and the cathode just below the saniplem gap to
thermal CVD tend to have the carbon walls parallel to thecreate the plasma. Because of the presence of plasma directly
long axis. These nanotubes with inclined walls are still de-above the sample, the actual electric field that the nanotubes
noted as “nanotubes” in this letter in a broad sense, as margncounter can be significantly higher than the nominal field.
of them still have hollow cores in the middle. Under the applied voltage, plasma formed and acetylene gas

CNTs tend to grow in the electric-field direction, which (C,H,) was added to the chamber flowing at 30 sccm with
is often perpendicular to the substrate surface. By controllinghe total NH; and GH, pressure at-3 Torr. After ~20 min
the applied bias, CNTs can grow in varied directions includ-in the plasma,~1-2-um-long multiwalled nanotubes were
ing the in-plane directioh® More recently, multiple sharp formed.
bending of CNTs to produce a zig-zag morphology has also  Shown in Figs. {a-1(d) are the SEM images of CNT
been demonstrated by repeatedly altering the applied fieldamples grown on Ni~5 nm thick-coated Si substrate at a
directions™ dc bias voltage of 450, 500, 550, and 600 V, respectively, for

While there have been a very large number of publica20 min. As the plasma power was kept in a small range of
tions on nanotube growth itself, there have been few report85-50 W for different applied bias voltage, samples in this
on enabling discoveries as to how to manipulate them tstudy were grown at similar temperatures. All other process-
move up to the next level of scientific or technical advancesing parameters, including the heating time and ammonia/
Engineering the shape of CNTs is an important issue fomcetylene gas composition, were kept constant. The striking

difference in CNT morphology induced by the voltage

dAuthor to whom correspondence should be addressed:; electronic maif‘?’hange Is apparent from the flgure. At the lower bias fields,

jin@ucsd.edu such as 450 and 500 V, slender, straight, and equidiameter
PVisiting scientist at UC San Diego. nanotubes~30-60 nm in diameter were grown vertically
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FIG. 1. SEM images of CNT samples grown on (8inm)-coated Si sub-
strate at a dc bias a@B) 450 V, (b) 500 V, (c) 550 V, and(d) 600 V for 20
min.

aligned, as shown in Figs.(d and Xb). The Ni catalyst
particles with about the same diameters as those for the
nanotubes are present on top of all nanotubes, indicating the
occurrence of tip-growth mechanism. In contrast to the 450
V sample, the 500 V samplg-ig. 1(b)] begins to show the
tendency toward transition to a cone-like structure, with the
nanotube diameter still wire-like but becoming slightly ta-
pered and getting larger at the lower part of the nanotubes. It
is also noticeable that the catalyst particle diameter is begin-
ning to get smaller as compared to the 450 V sample.

For a higher applied voltage of 550 \Fig. 1(c)], pre-
dominantly nanocone-like nanotubes with very sharp tips ar&!G: 3- Nanocone morphology vs CVD growth time at 550 V (@2 min,
obtained. The base diameter at the bottom of nanocones {& © Mn- and() 14 min.
much larger than the nanotube diameter of Fig),with the
cone base diameter varying from 100 to 300 nm. It is importhere appears to be a darker, shell-like region. EDX spot
tant to note that almost all nanocones show no Ni catalysanalysis indicates that the cone matrix contains carbon as
particle on the tip, which indicates that the carbon nanotubegsell as Si. The tiny inclusions, which may be present either
essentially stopped growing once the nanocone structure Iaside or on the surface of nanocones, were identified to be
completed. Perhaps related to this is the observation that th@ainly composed of Ni. Further microstructural analysis is
nanocone tips are very sharp, with the radius of curvaturgequired to fully understand the detailed structure of the
estimated to be as small as5 nm in diameter. At an even nanocones.
higher bias of 600 V[Fig. 1(d)], the nanocones become To better understand the formation process of the nano-
much shorter and the aspect ratio gets smaller. These congsne structure, we monitored the change of microstructure as
have larger base diameters as large as 500 nm, and theirfunction of time during the CVD at a constant bias of 550
density is much lower compared to the ones grown at 550 W. Figures 3a)-3(c) display SEM microstructures of the

TEM images of the samples grown at 450 and 550 V.samples CVD grown for 2, 6, and 14 min, respectively. As is
respectively, for 20 min, are shown in FiggaRand 2b).  evident from the figures, the CVD starts out with the forma-
Figure Z2a) shows the tube-like structure with a Ni catalyst tion of equidiameter nanotube structure on Ni catalyst par-
cap on top of CNTs. Figure(B) is the TEM micrograph of a ticles, as shown in the 2 min sample of Figa3 On longer
broken-off nanocone from the 550 V sample. The cone iCVD for 6 min, these nanotubes are quickly transformed to
crystalline with some inclusions. In some of the nanoconeshe nanocone structure, as shown in Fih)3The Ni cata-
lyst particles begin to get smaller as compared to the 2 min
sample. On a longer time CVD of 14 miifrig. 3(c)], only
nanocones are left, with their base diameter increasing with
CVD time. On additional CVO@e.g., 20 — 30 mip it is seen
that the nanocone base diameter increases and the aspect
ratio decreases.

The mechanism for the strong electric-field dependence
of nanotube morphology observed in this work is described
as follows. The formation and geometry of the nanotube ver-
i Sus nhanocone structure appear to be dictated by the plasma

oy % etching of catalyst particles at the growth tip. During the dc
@ (b) plasma CVD, plasma etching of the Ni catalyst particles oc-

FIG. 2. TEM images of CNTs grown &) 450 V and(b) 550 V for 20 min.  curs continuously if the applied voltagand hence the en-
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ergy of plasma sputterings sufficient. SEM examinations (@) Vertical (b)dNartlolcm:e‘formaﬁon (© Small

. . . . and catalyst size i
of various samples clearly indicate that the size of catalyst ~ “NTgrow® reduction by sputtering e
particle on top of CNTs decreases as a function of time in the dia. catalyst

presence of plasma. The reduced catalyst size limits the ki-
netics of carbon uptake and nanotube growth along the up-
ward direction, while the lateral growth continues with the
continued addition of carbon from the CVD gas. Eventually,
the vertical growth stops completely when the last small
catalyst particle is sputtered away. The nanocones contained
some Si as seen by our EDX analysis in TEM.

At a low bias voltage of 450 V, the plasma energy is
lower and the plasma etching effésputtering effedtis not
strong enough to significantly reduce the size of the Ni cata-
lyst particles. The lateral growth of nanocones is negligible [ 20am / | 1o
and not obvious. Due to the continued existence of the Nk 4. controlled nanotube tip geometey straight nanotube(b) nano-
catalyst particles on the tigFig. 1(a)], longer nanotubes are cone with small-diameter catalyst, afel dual-structured nanotubes synthe-
obtained as the vertical growth lasts much longer. When theized by high-field and low-field two-stage CVD.
bias is raised to 500 V or higher, the plasma etching effect
begins to reduce the particle size.g., see the nanotubes ) —
marked by circlesand hence the upward nanotube growth@"d supported by example SEM micrographs in Fig. 4. In-

slows down and base lateral growth begins to become erstead of growing the standard, vertically aligned nanotube

hanced. The morphology of nanotubes begins to take thg"ucture of Fig. &) by low-field CVD, we start with grow-
form of a slight nanocone shape. When the bias voltage i£'d & nanocone first, for example, using a higher bias volt-
further raised to 550 V, the magnitude of the catalyst sputtef98: SUCh as 550-600 volts, or alternatively, by allowing a
etching is increased to the extent that the Ni particles are?Nger CVD time 65 —10 min as in thease of Fig. 3. Such
completely sputtered away, and only the base lateral growtf CVD treatment prepares a base nanocone structure and at
occurs[Fig. 1(c)]. At an even higher bias voltage of 600 V, the same time reduc;es the cata}lyst pamcle size to a few to
the nanocones just continue to have the lateral grdit. several nanometef&ig. 4(b)]. By intentionally lowering the

1(d)]. It appears that coarsening of the nanocone occurs &PPlied voltage at this stage.g., to 450 V, and continuing
the expense of other nanocones. on with CVD, we nucleated and grew a single, straight nano-

The observed phenomenon of strong field dependence &lbe frqm the apex of the broad nanocone ut|I_|zmg the still-
nanotube morphology can be utilized to design and fabricat€maining, very small catalyst particles. The diameter of the
some unigue shapes of nanotubes, for example, a nanotuBSmC?‘”y aligned nanotube on top of ea_ch of the nanocones
configuration useful for conductance AFM tip. As is well IS estimated to be-7 nm, as shown in Fig. 4).
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