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Abstract

Aligned carbon nanotube€CNTs) were grown on stainless steel 304 by bias-enhanced microwave plasma chemical vapor
deposition, using CEH/CO, as the reactant gas. A bias was applied to the microwave plasma to grow the nanotubes over various
periods. Experimental results show that well-aligned CNTs grow on stainless steel at a negative-389 & Energy dispersive
spectrometer on TEM indicated that the metal catalyst on the top of the CNTs includes Fe and Ni, but not Cr. The field emission
properties of the resultant CNTs were obtained at a negative bias300 V: the emission current was 1A at 2.2 V/um;
and the turn-on voltage, which is the voltage needed to extract current densitypok Adh?, was 1.4 Vpm.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Nanotubes; Plasma CVD; High-resolution electron microscopy; Field emission

1. Introduction Ni—Cr alloy substrat€Fe: 52 wt.%, Cr: 6 wt.%, Ni: 42
wt.%). Comparing, the alloy they used has much less

Carbon nanotube$CNTSs), since their discovery in  Cr than that of our study. Therefore, in this work, typical
1991[1], have been considered for use in many different stainless steel 304Fe: 70 wt.%, Cr: 19 wt.%, Ni: 9
applications. The small dimensions, strength and remark-wt.%), an Fe—Ni—Cr alloy with a high Cr content, was
able physical properties of these materials make themused as the substrate to grow CNTs and identify the
the very promising emitters for field emission devices. catalytic effects of the metal. The field emission prop-
Field emission devices based on CNTs have exhibitederties of CNTs grown on the stainless steel were also
remarkable emission characteristics and good currentexamined.
stability [2,3], because of the high-aspect-ratio and
electrical conductivity, as well as a mechanical stiffness 2. Experimental details
of the nanotube$4,5].

This study uses the CHACO, gas system rather than
CH,/H,. CH,/CO, can promote the growth rate over
that obtained with Ck/H,, because of the high concen-
tration of carbon[6]. The growth quality of CNTs has
been reported to exceed that of obtained using a con-
ventional reaction in a gas mixture of hydrogen and

CNTs were deposited by microwave plasma chemical
vapor deposition. The stainless steel 304 had a thickness
of 1 mm and an area of 2615 mn¥ . Before deposition,
samples were sonicated in acetone for 10 min, washed
in DI water and dried using nitrogen gas. Bias-enhanced
microwave plasma chemical vapor deposition was used
hydrocarbong7], and the growth temperature can prob-  gro,y CNTs: various bias conditions and periods were
ably be reduced to under 30C [8]. _used to grow the CNTs. The reactive gas mixture was

_In the authors’ previous study, CNTs were grown in oy /co, at a flow rate of 3022.5 sccm. The applied
Slt!.l by modified hot fllament chemical vapor deposition i~rowave power and pressure were 300 W and 1333
using an Fe—Cr filament wir@Fe: 72 at.%, Cr: 23 at.% Pa, respectively. No bias, a negative bias voltagg00
that acts as a catalyst and a heat sol@¢eFurthermore,  \/ 5nd a positive bias voltage 300 V were separately
Okai et al.[10] reported the growth of CNTs on Fe—  ,jied to the substrates to study the effect of the bias

*Corresponding author. Tel.:+886-955979496; fax:+ 886-3- on the growth of C_:NTS on stainless s'FeeI 304_‘ CNTs
5504502. were grown at a bias of-300 V for various periods.
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ature of the substrate, which was maintained at approx-
imately 600°C.

A scanning electron microscop€SEM) (S-4000,
Hitachi) was used to observe the morphology of the
growing samples. A Renishaw micro-Raman spectro-
scope with an argon ion lasé€s14.5 nm ling was used
to characterize the quality of the CNTs. TheV

measurements were made to analyze the field emission

properties of the CNTs. Finally, the nanotubes were
imaged using a high-resolution transmission electron
microscope(HRTEM) (Tecnai 20, Philipy metal cata-

lyst was analyzed using an energy dispersive spectrom-

eter (EDYS) attached to the HRTEM.
3. Results and discussion
3.1. Effect of bias on the growth of CNTs
Fig. 1 presents SEM photographs of deposition prod-
ucts grown for 10 min at various biases. The SEM

photograph shown in Fig. 1a shows that CNTs grew on
stainless steel 304 at a negative bias-6800 V. The

surface morphology was almost the same across the

entire area. Fig. 1b shows that no CNTs grow on the

stainless steel at no bias, and Fig. 1¢ shows that carbon

rods grow on the stainless steel at a positive bias-of
300 V. However, the morphologies of both samples
differed between their corners and the center. Partial
surface fragmentation has been repoiitet] to produce

a wide variety of surface structures, which then translates
into a corresponding variety of catalyzed products,
ranging from tufts, stumps, to CNTs.

Raman spectroscopy has been used to study multi-

wall nanotubeg12]. The first-order Raman spectrum of
the CNTs includes strong, sharp peaks at 1581 and
1350/cm, typical of graphitic carbon nanostructures.
Fig. 2 presents the Raman spectra of the deposition

product grown on stainless steel 304 under various bias

conditions for 10 min. As shown in Fig. 2, samples at
biases of —300 and +300 V yielded two peaks at
approximately 1350 and 158&m. Furthermore, the

Raman spectrum indicates that the sample grown under

no bias yielded no carbon structure, as shown in Fig.
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1b. From the SEM photographs and Raman spectra, a

negative bias of-300 V was selected to examine the
various periods of growth of CNTSs.

3.2. Various periods of growth of CNTs

Fig. 3 presents SEM photographs of CNTs grown on
stainless steel 304 for various periods. Fig. 3a shows

Fig. 1. SEM photographs of deposition product grown on stainless
steel 304 at various biases for 10 m{@) —300 V, (b) 0 V and(c)
+300 V.

become more prevalent as growth time increases. As
shown in Fig. 3d, CNTs grown for 30 min possess a
high-aspect-ratio, implying potential use as field emis-

the surface breakup of stainless steel 304. The rupturesion devices.

of the surface has been reportgd] to have increased
the yield of CNTs and the uniformity of their sizes.
According to Fig. 3a—d, the yield and diameter of CNTs
increased with the growth time. Besides, vertical CNTs

Fig. 4 plots thel, /I ratio derived from the Raman
spectra obtained after various periods of growth of CNTs
on stainless steel 304. The relative intensities of the two
peaks depend on the type of graphitic material. As the
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Fig. 2. Raman spectra of deposition product grown on stainless steel 304 at various biases.
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Fig. 3. SEM photographs of CNTs grown on stainless steel 304 for various pef@ds.min; (b) 10 min; (¢) 15 min and(d) 30 min.
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Fig. 4. Ip/I, ratio derived from Raman spectra of CNTs grown over various periods on stainless steel 304.

Fig. 5. TEM images of the end section of three individual CNTs grown on stainless steel 304.

C.-L. Lin et al. / Diamond and Related Materials 13 (2004) 1026-1031

1.7

1.6

1.5+

1.4+

1.34

1.2

5 10 15 20 25 30
Growth period (min)

1029



1030 C.-L. Lin et al. / Diamond and Related Materials 13 (2004) 1026—-1031

Tablel _ CNTs. Fig. 5 also reveals that the CNTs have inner
EDS quantitative analyses of metal catalysts in CNTs diameters of 1020 nm and outer diameters of 30—40
Sample no. Fe Ni Fe Ni nm. A comparispn of these images with the SEM

(at.%) (at.%) (Wt.%) (Wt.%) photograph in Fig. 3d suggests that the catalyst is on
the top of the CNTs.

1 82.43 17.57 81.70 18.30

2 97.03 2.97 96.89 3.11 .

3 97.63 237 97.51 2.49 3.3. Catalytlc eﬁ‘ect Of metal

4 95.59 4.41 95.37 4.63

5 89.70 10.30 89.23 10.77 Table 1 presents EDS quantitative analyses of metal

g g?-gi g-?g g;‘-gi gg catalysts in CNTs. Fig. 5a—c refers to samples 1, 2 and
: ' ' ' 3, respectively. In these ten samples, EDS signal of Cr

8 81.93 18.07 81.18 18.82 ) : .

9 79.04 20.96 78.20 21.80 is not observed. The top metal particles therefore include

10 87.18 12.82 86.61 13.39 only Fe and Ni, but not Cr when the CNTs are grown

on the 304 alloy substrate. According to the binary
phase diagrams of carbon and metal, the eutectic point
ratio of the intensity of the disorder peak at 1386 of C—Cr alloy is higher than that of C—Fe and C—Ni
to that of the graphite carbon peak at 1380 (Ip/Ig alloys, which fact is one reason for the elimination of
ratio) decreases, the degree of graphitization increasesCr from Fe—Ni-Cr alloy[10]. SEM at low magnifica-
Fig. 4 shows that thé, /I ratio decreases as the growth tion revealed that particles were present along the grain
period increases. Restated, this figure shows that thepoundary of stainless steel 304. We therefore suggest
crystallinity of the CNTs becomes better as the growth that chromium carbide is precipitated in the grain bound-
period increases. The SEM photographs show that theary of stainless steel at an elevated temperature, in a

product on the samples becomes more uniform andprocess similar to that which occurs when stainless steel
coherent as time passes. The better crystallinity of theis heat-treated.

CNTs is believed to be attributable to the reduction in
the amount of disorganized carbon in the samples. 3.4. Field emission properties

Fig. 5 shows TEM images of the end section of three
individual CNTs. The CNTs were analyzed by TEM to The field emission properties of CNTs grown ata
confirm that they were truly CNTs, and not solid carbon 300 V bias for 30 min are obtained using a diode
fibers. A comparison of these images to those presentedstructure. An anode, made of ITO glass, was separated
elsewhere[8] indicates that the tubes are multi-walled by 500 um from the tip of a cathode made of CNTs.
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Fig. 6. Emission current against applied voltage, and F—N plot of CNTs grown380 V bias for 30 min.
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TheI-V properties were measured using an electrometerAcknowledgments
(Keithley 237 and analyzed using the Fowler—Nor-

dheim (F-N) model. Fig. 6 plots emission current  The authors would like to thank the National Science
against applied voltage, and also presents an F=N plotCouncil of the Republic of China, Taiwan for financially

of this sample. The F-N plot is used to confirm the supporting this work under Contract No. NSC 91-2219-
field emission characteristics. A linear relationship E-009-029.

between In(//V?) and 100Q'V is obtained. The emission
current at an applied voltage of 1100 (2.2 V/um)
was 437pA (194 pA/cn?). The macroscopic turn-on
voltage, which is the voltage needed to extract a current
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