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Growth of aligned carbon nanotubes by plasma-enhanced chemical vapor
deposition: Optimization of growth parameters
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Direct-current plasma-enhanced chemical vapor depodi@MD) with mixtures of acetylene and
ammonia was optimized to synthesize aligned carbon nanot@é®s) on Co- or Ni-covered W

wires with regard to wire temperature, wire diameter, gas pressure, and sample bias. A phase
diagram of CNT growth was established experimentally in this optimization process. It was revealed
by transmission electron microscopy that Co-catalyzed CNTs encapsulated a Co carbide
nanoparticle at their tip, disagreeing with a previous report that Co particles were located at the base
of CNTs CVD grown on Co-covered Si substraf€s Boweret al, Appl. Phys. Lett.77, 2767
(2000]. This leads to the conclusion that the formation mechanism of aligned CNTs depends
significantly on the catalyst support material as well as the catalyst material itself. Since the sample
bias strongly affected the morphology of CNTSs, the selective supply of positive ions to CNT tips
was possibly responsible for the alignment of growing CNTs. 2@1 American Institute of
Physics. [DOI: 10.1063/1.1382848

I. INTRODUCTION including a phase diagram of CNT growth experimentally
determined for a ¢H,—NH;/W-wire system.
Since their discovery by lijim4, carbon nanotubes
(CNTs have attracted great attention in materials sciencél. EXPERIMENTAL DETAILS

and technology. Due to their high aspect ratios, small tip  Figure 1 schematically shows a dc PECVD system used
radii of curvature, and high chemical stability, CNTs are ex-for growing CNT. A W wire spot-welded to two stainless
pected to be very promising as field electron sources, e.gsteel rods is set at a distance €10 mm from a disc elec-
for flat panel display$: In the practical application of CNTs trode of Co or Ni(wire diameters employed were 10—100
as field electron sources, aligned CNTs should be grown dixm). After evacuating the CVD chamber to<110~° Torr or
rectly onto the desired locations of a large substrate. lower, a thin film of Co or Ni(~80 nm thick catalyzing the

Li et al* first demonstrated that aligned CNTs can beCNT growth was deposited onto the W wire by
grown directly on Fe nanoparticles embedded in mesoporou&r *-sputtering the disk electrode at 0.1 Torr. Mixtures of
silica by chemical vapor depositiofCVD). Efforts have C,H, and NH; (0.012—2.4 Torrwere then introduced to the
since been made to synthesize aligned CNTs on various subeevacuated chamber. The partial pressure ratio,bi @nd
strates using CVD-based techniqde¥: Recently, several NH; was always kept at 1:2. Application of a negative dc
groups applied these techniques to the selective and direpotential(—500 V) to the resistively heated W wire induced
growth of aligned CNTs on patterned substrafed? Thus, @ glow discharge, growing CNTs on the W wire. The CNT
CVD-based methods might be promising as techniques tgrowth behavior was investigated at wire temperatures
align CNTs for their field emission applications. Very re- (growth temperaturgsrom 300 K to 1200 K. The growth
cently, we synthesized aligned CNTs on W wires coveredluration was 20 min. The morphology and structure of
with Co or Ni films using direct-currentdc) plasma- Samples thus prepared were determined by scanning electron
enhanced CVD(PECVD), and were able to optimize the Microscopy (SEM) and transmission electron microscopy
growth conditions of aligned CNTs. In this optimization pro- (TEM), respectively. For TEM, CNT-covered W wires were
cess, we noticed that positive ions in plasma played a ke§lirectly mounted on a sample holder.
role in controlling the growth morphology of CNTs, and that
CNTs grew on Co-covered W wires via so-called tip growth
mode®~1" In what follows, we report these recent findings, A. Optimization of growth temperature

Figure 2 shows typical SEM images of Co-coated W
3E|ectronic mail: tanemura@system.nitech.ac.jp wires after PECVD at different growth temperatures. CNTs

IIl. RESULTS AND DISCUSSION
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FIG. 1. Schematic diagram of the experimental setup for PECVD. During
metal deposition, the disk electrode was kept-dtkV.

aligned themselves perpendicular to the wire surface at a
narrow temperature range of 750-800[Kig. 2(b)]. No
CNT formed on wire surfaces at the temperatures outside
this range[Figs. 2a) and Zc)]. The diameter, averaged
length, and site density of the CNTs in Figb2were 20—
130 nm,~5 um, and~6x 10’ mm™2, respectively. The op-
timum temperature for aligning CNTs was independent of
the catalyst material, CVD pressure, and wire diameter. CNT
growth was limited to the catalyst-covered area on the wire
surfacegFig. 3), suggesting that the growth area of CNTs is
easily controllable by the selective deposition of catalyst
film.

Figure 4 shows the TEM image of a typical CNT grown
on a Co-covered surface, proving that the CNT actually pos-
sesses a tubular structure. The tip of the CNT is closed and
encapsulates a nanoparticl@rrowheag The electron-
diffraction pattern(EDP) of the tip area(inset in Fig. 4 is
composed of regularly arranged spots, ensuring the mono-
crystallinity of the nanoparticle. By careful analysis, the spoty g 5 sem images of Co-coated 3@m wire surface after PECVD at
arrangement was confirmed to match the @2 eciprocal  C,H,/NH;=0.2/0.4 Torr. Growth temperaturéa) room temperature(b)
lattice net of CgC (tri-cobalt carbidg allowing us to con- 750 K, and(c) 1200 K.
clude that the CNTs grown with Co catalyst encapsulated a
cobalt carbide nanoparticle at their tip.

No structural difference was recognized between Co-
and Ni-catalyzed CNTs. For the Ni-catalyzed CNTs, how-
ever, the nanoparticles occupying the CNT tips were pure Ni,
as determined by EDP, i.e., the carbide formation did not Without Co
take place for Ni-catalyzed CNTs. This result may reflect the
fact that there exists no stable carbide in the Ni—C phase
diagram®

The encapsulation of a nanoparticle at CNT tips suggests
that CNTs grew via the so-called tip growth mechanisat’

In this mechanism, carbon species produced by the adsorp-
tion and decomposition of {El, on the “front-exposed” sur-
face of catalyst nanoparticles diffuse around the nanoparticle
surface and/or through the nanoparticle, and ultimately pre-
cipitate at the “rear” of the nanoparticle to form a CNFig.

5). Thus, the catalytic nanoparticle is raised from the sub-

strate _ surface. Such an encapsulation of nanOPart_iC'eS_ flc. 3. SEM image of CNTs grown on a Co-patterned;30 wire surface
CNT tips has been reported for CNTs CVD grown with Ni after PECVD at GH,/NH;=0.2/0.4 Torr. Growth temperature:750 K.
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FIG. 6. SEM image of 10um wire surface after PECVD at 750 K;
C,H,/NH3=0.4/0.8 Torr. Catalyst: Ni.

B. Effect of CVD gas pressure and wire diameter

The effect of CVD gas pressure up to 2.4 TorrkG
=<0.8 Torr, NH;<1.6 Torr) on the growth behavior of CNTs
was examined at the optimum temperature previously de-
scribed. Since the partial pressure ratio gfigand NH; was
always kept at 1:2, we hereafter represent the PECVD pres-
FIG. 4. TEM image of a Co-catalyzed CNT grown on a @0 wire by ~ Sure with GH, pressure Rc9.

PECVD at 750 K; GH,/NH;=0.2/0.4 Torr. Inset: EDP from the CNT top With Ni catalyst, densely distributed aligned CNTs could
region. be grown on 1Qum wires atP .= 0.1—-0.3 Torr, but no CNT
at P,.<0.1. The CNTs increased their length Bg in-
creased. The average length of CNTs grown R
=0.3Torr was up to Gum. Lengthened CNTs aggregated
and Pd catalyst$!'? Bower et al, however, synthesized into conical shaped bundles on a Jm wire at P,
CNTs on Co-covered Si using microwave PECVD of a mix- =0.4 Torr(Fig. 6). On a 30um wire, by contrast, CNTs even
ture of GH, and NH;, and found no particle at the CNT aligned atP .. as high as 0.8 Torr. Thus, the optimum pres-
tips %13 They detected by TEM Co particles, not cobalt car-sure range for aligned CNT growth crucially depended on
bide particles, at the base of CNTs, and concluded that CNT&e wire diameter.
grew on Co-covered Si via the so-called base growth Compared with Ni catalyst, Co catalyst shifted the opti-
mechanisnt>!® We suppose that the formation mechanismmum pressure zone to a lower side. On i wires, CNTs
of CNTs strongly depends on the catalyst support material agligned atP,.<0.2 Torr, while conical shaped bundles and
well as on the catalyst itself. stalactitelike structuregarrowheads in Fig. )7 formed at
P..=0.2 and 0.8 Torr, respectively. By contrast, aligned
CNTs grew atP,..<0.2 Torr(see Fig. 2on 30um wires and
even atP ..~ 0.8 Torr on thicker wires.

FIG. 7. SEM image of 10um wire surface after PECVD at 750 K;
C,H,/NH;=0.8/1.6 Torr. Catalyst: Co. Arrowheads indicate typical stalac-
FIG. 5. Schematic representation of the tip-growth mechanism of CNTSs. titelike structure.
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FIG. 8. Phase diagram of the,l@,—NH,/W-wire system for CNT growth.
Solid and dashed lines indicate empirical demarcation lines of pressure of
aligned CNT growth for CqO, @) and Ni(A, A) catalysts, respectively.

NG indicates nongrowth or nonaligned.

A phase diagram of the ,—NH3/W-wire system for
CNT growth determined with the aid of SEM is presented in
Fig. 8. In the figure, experimentally determined upper and
lower limits of pressure for the CNT alignment are also de-
picted as a function of the wire diameter. For both catalysts,
with an increase in the wire diameter, the upper limit for
aligned CNT rises, resulting in a wider optimum pressure
regime. The synthesis of aligned CNTs on wide-area sub-
strates will therefore readily be achieved in our PECVD sys-
tem.

C. Effect of sample bias

To elucidate the role of plasma in the PECVD process,
CVD with and without plasma & ..~ 0.2 Torr were carried
out for Co-coated 3Qum wires. This combination of the FIG. 9. SEM images of Co-coated 30n wire surface afteta), (b) CVD
pressure and wire diameter is one of the optimum growthyithout plasma, andc) inverse mode PECVD. f1,/NH; pressure(a), (c)
conditions of aligned CNTésee Fig. 8 As previously dem- 0.2/0.4 Torr, andb) 0.8/1.6 Torr. Growth temperature: 750 K.
onstrated, CNTs grown by CVD with plasma, or PECVD,
were well aligned and densely distributieste Fig. 20)]. By
contrast, CNTs due to CVD without plasma, namely, pyroly-sample to induce plasma during CVD R}.~=0.2 Torr. As
sis of hydrocarbon gas, were sparsely distributed and exhitexpected, no CNT was grown by this inverse mode of
ited a complicated growth modéig. Aa)]. Some of them PECVD[Fig. 9c)].
were characterized by helical or looped structures. A higher  As is well known, an electric field is locally enhanced
CVD pressure merely led to an increase in the site density ciround protrusions present on an electrostatically biased sur-
lengthened CNTs of random figuf&ig. b)]. Such a ran- face. This suggests that the electrostatic field at the tips of
dom configuration has been reported for CNTs grown by theCNTs would be strong enough to attract positively charged
pyrolytic decomposition of hydrocarbon gases at elevatedons to their tips. In fact, for a fiber 40 nm in diameter pro-
temperature&’~23Since pyrolysis methods generally require truding from a biased—500 V) substrate surface, for ex-
higher  temperatures (900-1300 K for CNT  ample, the field strengttF) at the tip is estimated to reach
growth>111420-23cvD at temperatures up to 1200 K was 5x 107 V/cm from a calculation widely used for CNT field
also examined. Well-aligned CNTs were, however, neveemitter tips?*2°
formed by pyrolysis in our experimental system. Thus, we F=V/(ary)
may conclude that plasma-composing positive ions, rather on
than radicals or excited molecules, play a decisive role in thavhereV, «, andr, are the bias potential, the geometrical
alignment of growing CNTs. To confirm this conclusion, a factor (usually «=5 for CNT9, and the tip radius, respec-
positive potential(500 V) was applied to a 3Qum wire tively. Positive ions in CVD plasma would therefore be fed

Downloaded 26 Aug 2010 to 133.68.192.94. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys., Vol. 90, No. 3, 1 August 2001 Tanemura et al. 1533

selectively to tips rather than to tube bodies. This selective*w. z. Li, S. S. Xie, L. X. Qian, B. H. Chang, B. S. Zou, W. Y. Zhou, R. A.
supply of positive ions might reduce the lateral mechanical Zhano, and G. Wang, Scien@¥4, 1701(1996.

_ s ) .
stress exerted on the tube, and hence align CNTs along the? W- Pan, S. S. Xie, B. H. Chang, C. Y. Wang, L. Lu, W. Liu, W. Y. Zhou,
and W. Z. Li, Nature(London 394, 631(1998.

field lines. 6Z. F. Ren, Z. P. Huang, J. W. Xu, J. H. Wang, P. Bush, M. P. Siegal, and
P. N. Provencio, Scienc282 1105(1998.
IV. CONCLUDING REMARKS ’S. H. Tsai, C. W. Chao, C. L. Lee, and H. C. Shih, Appl. Phys. L%t

. . . 3462(1999.
DC PECVD with GH, and NH; gas mixtures was opti- sy ¢ choi, . M. Shin, Y. H. Lee, B. S. Lee, G. Park, W. B. Choi, N. S.

mized to synthesize aligned CNTs on Co- or Ni-covered W Lee, and J. M. Kim, Appl. Phys. Let%6, 2367 (2000.
wires with regard to wire temperature, gas pressure, wire’Y. Chen, D. Shaw, and L. Guo, Appl. Phys. Lét6, 2469(2000.

. . . . 10, H
diameter, and sample bias. Each aligned CNT tip was cappeo;g’("zvgg;- Zhou, W. Zhy, D. J. Werder, and S. Jin, Appl. Phys. [Zatt.
v_\nth a Co carbide or Ni na_mopartlcle, sug_gestmg that thellC_ J. Lee and J. Park, Appl. Phys. Let7, 3397 (2000.
tlp—grovv_th mode dominated in the Co and Ni/W ere_system.uH. Murakami, M. Hirakawa, C. Tanaka, and H. Yamakawa, Appl. Phys.
The optimum PECVD temperatuf@50—-800 K was inde- Lett. 76, 1776(2000.
pendent of catalyst material, PECVD pressure, and wire di**C. Bower, W. Zhu, S. Jin, and O. Zhou, Appl. Phys. L&, 830(2000.
ameter. The optimum pressure region for aligned CNT'S. Fan, M. G. Chapline, N. R. Franklin, T. W. Tombler, A. M. Cassell, and

. . . . . ; .~ H. Dai, Science283 512 (1999.
growth became wider with an increase in wire diameter, im 15M. S. Dresselhaus, G. Dresselhaus, K. Sugihara, I. L. Spain, and H. A.

plying that the fabrica_tion of aIi_gned CNTS on large-area Goldberg,Graphite Fibers and FilamentSpringer-Verlag, Tokyo, 1988
substrates would readily be achievable in our PECVD sys- chap. 2.

tem. Excess PECVD pressures led to the aggregation dfR.T. K. Baker, M. A. Barber, P. S. Harris, F. S. Feates, and R. J. Waite, J.

lengthened CNTs into conical and stalactitelike structuresﬁgat;'-zﬁ 5t1 (1>?7§-Zh . Zhana. S, Amelncko. 6. V. Tendeloo. J
. . . ] . bernaerts, X. b. ang, X. F. ang, S. Amelinckx, G. V. lendeloo, J.
Since the sample bias significantly affected the morphology Vanlanduyt, V. lvanov, and J. B. Nagy. Philos. Mag74 605 (1995.

of CNTs, our final conclusion is that the selective feeding ofis; g passalski Binary Alloy Phase DiagramsASM International
positive ions to CNT tips is responsible for the alignment of Materials Park, OH, 1996 p. 866.

growing CNTSs. R. T. K. Baker and R. J. Waite, J. Cat8lz, 101 (1975.
20y, lvanov, A. Fonseca, J. B. Nagy, A. Lucas, P. Lambin, D. Bernaerts, and

2LA. Peigney, C. Laurent, F. Dobigeon, and A. Rousset, J. Mater. Res.

This work was partially supported by the Ministry of Zzilg(ﬁfi?- O 6. Reid W. K. Hew. 3. P Hare H. W, K iD R M
: : . E. Muller, D. G. Reid, W. K. Hsu, J. P. Hare, H. W. Kroto, and D. R. M.
Education, Science, Sports and Culture of Japan, through the\NaIton, Carborg, 951 (1997,

Grant-in-Aid for Scientific Research B, No. 12450038. 237 Fonsecaet al, Appl. Phys. A: Mater. Sci. Procesa67, 11 (1998.

24y, Saito, K. Hamaguchi, T. Nishino, K. Hata, K. Tohji, A. Kasuya, and Y.
1s. lijima, Nature(London 354, 56 (1991). Nishina, Jpn. J. Appl. Phys., Part3, L1340 (1997.
2Y. Saitoet al, Appl. Phys. A: Mater. Sci. Procesa67, 95 (1998. R, Gomer/Field Emission and Field lonizatiotHarvard University Press,
SW. B. Choiet al, Appl. Phys. Lett75, 3129(1999. Cambridge, MA, 196}, Chaps. 1 and 2.

Downloaded 26 Aug 2010 to 133.68.192.94. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



