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Abstract

For potential applications of carbon nanotubes(CNTs) as connectors in microelectronic devices, the process to synthesize the
large area horizontally-aligned CNTs on 100 mm(4 inch) Si wafers was developed, using electron cyclotron resonance chemical
vapor deposition, with CH and H as the source gases and Co as the catalyst. The results show that vertical and horizontal CNTs4 2

can be obtained by manipulating the electric field applied on the substrate and flow direction of the gases. In the present
deposition conditions, the horizontal CNTs show better field emission properties than vertical CNTs. This may be due to the
blocking effect of catalysts at the tips and to the diminishment of the effective emission area from defects of vertical CNTs body.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the past decade, carbon nanotubes(CNTs) have
attracted intensive interest in nanotechnology due to
their remarkable properties and applications, such as
nanoelectronicsw1–8x, field emittersw9–13x, hydrogen
storagew14,15x, scanning probew16x and supercapacitors
w17x. The CNTs have been synthesized by many meth-
ods, including arc dischargew18x, laser ablationw19x,
microwave plasma chemical vapor depositionw20x, ther-
mal chemical vapor deposition(CVD) w21x, etc. Most
of these methods are designed to grow the vertically-
oriented CNTs with respect to the substrate surface
w22,23x. However, for microelectronic applications, it
often demands to make horizontal interconnection
between components. In these applications, horizontally-
oriented CNTs have started to attract attention in both
academic and industrial communitiesw24–28x. Other
applications of the horizontally-oriented CNTs are to
grow a single nanotube for study of single nanotube
properties w28x. The purposes of this study were to
investigate the main parameters that control the orien-
tations of the CNTs or each single nanotube, and then
to examine their properties and structures. In consider-
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ation of the advantages of high dissociation percentage
of the precursor gases, high uniformity of plasma energy
distribution, and possible large area film deposition, the
electron cyclotron resonance chemical vapor deposition
(ECR-CVD) method is adopted for this study.

2. Experimental

The horizontally-aligned CNTs were synthesized on
100 mm Si wafers by ECR-CVD method with CHyH4 2

as the source gases. The Co catalyst for CNTs growth
was applied on Si wafer by physical vapor deposition
method, and followed by hydrogen plasma etching
treatment for 15 min to become well-distributed nano-
sized catalysts. To produce the horizontally-aligned
CNTs, a Ti wafer about specimen size and;2 mm in
thickness was placed 1–2 mm on top of the specimen
to guide the source gases to flow parallel to the specimen
surface. A heater was provided in the specimen holder
to maintain the deposition temperature. The deposition
conditions for the CNTs growth were: microwave power
800 W, y200 V substrate bias, CHyH ratios15y154 2

sccm, deposition times 5–15 min, pressure 0.25 Pa and
deposition temperature 6008C. For comparison, the
CNTs grown by the guided flow for 5 and 15 min are
called Samples A and B, respectively, and the sample
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Fig. 1. SEM morphologies of CNTs under three different deposition conditions:(a) and(b) the guided flow and 5 min deposition time(Sample
A); (c) and (d) the guided flow and 15 min deposition time(Sample B); (e) and (f) the unguided flow and 15 min deposition time(Sample
C), where Figs.(b), (d) and(f) are at higher magnifications.

grown by the un-guided flow for 15 min is called
Sample C.

The morphologies, microstructures and bonding struc-
tures of the deposited CNTs were characterized by field
emission scanning electron microscopy, transmission
electron microscopy(TEM) and Raman spectroscopy,
respectively. The field emission properties were deter-
mined by current density versus electric field(J–E)
measurements under vacuum and electrode distance 100
mm. The anode is 2 mm in diameter. The electrode
distance was defined by the electrode–substrate–surface
distance plus the average CNTs film thickness.

3. Results and discussion

3.1. Effect of the guided flow under negative bias on
the growth direction of CNTs

The SEM morphologies of the CNTs are shown in
Fig. 1a and b for Sample A, Fig. 1c and d for Sample
B, Fig. 1e and f for Sample C. Fig. 1b, d and f are at
higher magnifications than the corresponding Fig. 1a, c
and e. Where the Samples A and B are grown under
the guided flow (inserting Ti wafer on the top of
specimen) for 5 and 15 min deposition times, respec-
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Fig. 2. TEM micrographs of the CNTs under the guide flow and 15
min deposition time(Sample B), where the inset is electron diffrac-
tion pattern at the catalyst-embedded CNTs tips.

tively. In contrast, the Sample C is grown under the un-
guided flow (no Ti wafer above the specimen) for 15
min deposition time. In addition, Fig. 1b, e and f are
about the 458-titled micrographs, and Fig. 1a, c and d
are top view micrographs. It is quite obvious that the
CNTs in the top view of Fig. 1c are horizontally
oriented, where the CNTs were grown beyond the
substrate edge boundary, as indicated by the arrows
showing the CNTs growth direction. Accordingly, the
aligned CNTs in Fig. 1a–d are nearly parallel to the
substrate surface with the bending angles approximately
6–88. In contrast, the aligned CNTs shown in Fig. 1e
and f are almost perpendicular to the substrate surface.
By comparing the average diameters and lengths of the
CNTs in Fig. 1a–d, it indicates that there are no
significant difference in average tube diameter for dep-
osition times of 5 and 15 min(Samples A and B,
respectively), but the average tube length of Sample B
(;3 mm) is more than eight times of Sample A(;350
nm). This signifies that the growth rate is an increasing
function of deposition time. By comparing the length of
CNTs in Fig. 1c(;3 mm) and e(;2 mm) at the same
deposition time, the growth rate of the CNTs for the
guided flow is relatively higher than for the unguided
flow.

The TEM micrograph of CNTs for the guided flow
(Sample B) is shown in Fig. 2. The inset is the electron
diffraction pattern of CNTs with Co catalyst on the free
surface end of the tube, indicating the diffraction spots
of Co catalyst and the(0 0 2) diffraction rings of CNT.
It is noted that the growth can be assigned to the tip-
growth mechanismw22,29,30x, as indicated by the
embedded Co particles at the tips of CNTs, which were
shown in Fig. 1a–d. Similar phenomena are observed
for the CNTs grown by the unguided flow. This is in
agreement with the previous results where the Co cata-
lysts were applied by different methodsw29x.

3.2. Growth mechanism of the horizontally-aligned CNTs

The growth mechanisms of the aligned CNTs have
been an open question since its discovery. The growth
of vertically-aligned CNTs were reported in various
different catalysts-assisted deposition methods, such as
CVD on mesoporous silicaw22x, plasma-enhanced CVD
on glass substratew23x and ECR-CVD on Si wafer in
our laboratory w29x. The proposed mechanisms are
mainly attributed to the effects of DC bias, magnetic
field of ECR conditions andyor self-bias of plasmaw29–
31x. On the other hand, the horizontally-aligned CNTs
have been prepared by thermal CVD on patterned Si
towers w32x and by the electric field-assisted thermal
CVD w33x. The growth mechanisms of these CNTs
bridges are still a controversy issue. The proposed
mechanisms are based on the following arguments:

growth competition due to interaction between flow rate
and flow direction differences plus van der Waals
interaction w30,31x; growth directed by interaction
between electric field and the CNTsw32x, where the
field-alignment effect originates from the high polariz-
ability of CNTs. In the present work, the source gases
were guided to flow horizontally relative to the substrate
surface, and a negative DC bias(y200 V) was applied
to the substrate. We propose that the guided flow would
restrict the growth in vertical direction, and the electric
potential difference between the substrate and chamber
wall would guide the ions to flow toward the chamber
wall, and so would bend the CNTs horizontally. This is
in agreement with the experimental results shown in
Fig. 1c, where the horizontally-aligned CNTs are self-
sustained beyond the substrate edge boundary toward
the chamber wall.

3.3. Raman spectra and field emission properties

With 2 mm of the laser spot size, Fig. 3 depicts the
micro-Raman spectra of the vertical and horizontal CNTs
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Fig. 3. Typical Raman spectra of the vertical and horizontal CNTs
(Samples B and C).

Fig. 4. Typical field emissionJ–E curves of the vertical and horizontal
CNTs (Samples B and C).

for Samples B and C, respectively. The D-line(sp3

bonding) at 1353ycm corresponds to the defect types
on the graphene layers, such as dislocations, pentagonal
and heptagonal lattices; and G-line(sp bonding) at2

1587ycm corresponds to the crystalline graphene sheets.
By examining theI(G)yI(D) ratio, the ratios for vertical
and horizontal CNTs are 0.68 and 0.52, respectively. It
is understandable that the Raman signals of vertical
CNTs can not completely represent the defect structures
of the whole CNTs due to the blocking effect of the
catalysts at the tips and the limitation of laser penetra-
tion, and therefore the Raman signals of the vertical
CNTs represent the defect structures around the tip area
only. In contrast, the Raman signals of the horizontally-
aligned CNTs are from the body of the CNTs, and so
represent the bonding nature of the whole CNTs. In

other words, theI(G)yI(D) ratio of 0.68 for the vertical
CNTs can not represent its true defect density.

Fig. 4 illustrates theJ–E curves of the vertical and
horizontal CNTs for Samples B and C, by measuring at
the same electrode distance 100mm. It is obvious that
the horizontal CNTs show better field emission proper-
ties, i.e. for horizontal CNTs, turn-on electric field
(E )s2 Vymm (at Js1 mAycm ), threshold elec-2

turn-on

tric field (E )s4.3 Vymm (at Js10 mAycm ); for2
th

vertical CNTs,E s3 Vymm, E s6.6 Vymm. Thisturn-on th

may be due to the fact that the field emission of the
vertical CNTs is more restricted by the catalysts at the
tips and their effective emission area from defects of
the CNTs body is effectively diminished by the neighbor
CNTs, in contrast to field emission from the body instead
of tips for the horizontal CNTs. This is in agreement
with the results of a related work, where the CNTs were
grown or rolled into different orientations to compare
the field emission propertiesw34x.

4. Conclusions

Large-area well-aligned CNTs with vertical and hori-
zontal orientations could be obtained by manipulating
the gas flow direction and the electric field on the
deposition substrate. This novel process permits to
synthesize horizontally-aligned CNTs, which is a very
promising way to apply CNTs in microelectronic devices
in the future. The possible growth mechanism of hori-
zontal CNTs is proposed. The field emission properties
can be manipulated by changing the orientation of CNTs.
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