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Abstract

Plasma enhanced chemical vapor deposition (PECVD) is recognized as one of the viable fabrication techniques of
carbon nanotubes. The outstanding advantage of PECVD is that free-standing, vertically-aligned carbon nanotubes
(VA-CNTs) are synthesized due to the electric field normal to the substrate. This feature draws intense attention for the
fabrication of nanoelectronic devices such as high-resolution scanning nanoprobes, interconnects, and field emission
devices. However, carbon nanotubes synthesized in PECVD are overwhelmingly carbon nanofibers (CNFs) or
multi-walled carbon nanotubes (MWNTs) with measurable structural defects. Tremendous interest in the preparation
and characterization of vertically-aligned single-walled carbon nanotubes (VA-SWNTs) and related applications had not
been realized in the scope of PECVD until recently.

Here we present a fabrication technique of high-purity vertically-aligned single-walled carbon nanotubes using
atmospheric pressure plasma enhanced chemical vapor deposition. By now, we have developed the atmospheric
pressure radio-frequency discharge (APRFD) for this purpose. Although densely mono-dispersed Fe-Co catalysts of a
few nanometers is primarily responsible for VA-SWNT growth, carbon precipitation was virtually absent in the thermal
CVD regime at 700°C. On the other hand, high-yield VA-SWNTs were grown at 4 um min™ by applying the
atmospheric pressure radio-frequency discharge. The results proved that cathodic ion sheath adjacent to the substrates,
where a large potential drop exists, also plays an essential role for the controlled growth of SWNTSs, while ion damage
to the VA-SWNTs is inherently avoided due to high collision frequency among molecules in atmospheric pressure. In
this paper, operation regime of APRFD and tentative reaction mechanisms for VA-SWNT growth are discussed along
with optical imaging of near substrate region of APRFD.
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Fig. 1 Atmospheric pressure radio frequency discharge reactor. RF: RF power source, MB: Matching Box, OSC:

Oscilloscope.
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Fig. 3 TEM micrograph of as-grown SWNTs.
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Bottom electrode (700°C)
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Fig. 4 Raman spectra obtained at different power.
Synthesis time was 5 min.

ib) v-mode discharge (100W)

Fig. 2 Transition of the a—mode discharge to the y—mode discharge. Discharge gap: 4 mm, Discharge area 12.56
cm’. Emission of helium 706 nm: band pass filter (710+6 nm).
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Fig. 5 SEM images of SWNTs obtained at different
power. Substrate temperature: 700 °C.

D END, REBRIZEBW TR+ 2im vk
BRI O FEARIRE 700°C XM ETH S .
FEREEE 700°C, & AE S 60 W IZB W TRl R
Z RS B0 &2 T A—H L L CERET
Sl FER%E Fig. 710077, GROIENCB T S E
W3 4.0 um min” TH B3, KBS HE N
EL 720, £ 20 4y TENS TR L7z, JE BT
SWNTs ZRELIfE S ETWAMOFZE 7 L—70
I L AUE, FEEBIEEED 700°C LA LA, il
1% 30 3 LANIC 2T LTV A[10-11]. —F5, BRaH K
ORI N— 71X, FEHGEEE 600°C (2380 THURF
LA BN IR L2 2 & 28 LTV A[3]. L
725, 600—700°C OB ClTEM: 2148 C 2 FEE
MDRTAT 4 v 7 BT DRHEER H D . £ 2T,
WORRIR IR AAT o T2, FEMER 72 B CIE, =il
IR % 400°C £ CHIE L2, 77 X~ %H]
LTS Mtz 195, £ LT, EKEEE
700°C IZF%E L, 700°C ([ZHETH L3I IR
~HZEINL CHERERMGT S, 22T, HEAGRE
23 700°C IZBIEE L7, A& BAeT 5 A Eapii
#1047, 20747, 30 RIEREEL, TO®RT T X~
ZEINNL T CVD #1To7-. HABIL60W, A%

/M//k:
s

100 200 300 400
Raman shift (e

(a) 700°C
)
(b) 650°C

(a) 600°C

Intensity (arb.unit)

Intensity (arb.unit)
Eij;bibﬁ

500 1200 1300 1400 1500 1600 1700
Raman shift (cm™)

Fig. 6 Raman spectra obtained at different growth
temperature. Synthesis time: 5 min., discharge

power: 60 W.
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Fig. 7 Dependence of SWNTs length on synthesis
time. Discharge power: 60 W, substrate
temperature: 700 °C.
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Fig. 8 Raman spectra obtained after keeping substrates different

time at high temperature. Synthesis time: 5 min.,
discharge power: 60 W.
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Fig. 10 Cross sectional Raman spectra of SWNTs.
Discharge power: 60 W, synthesis time: 20 min.,
and substrate temperature: 700 °C.
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Fig. 9 SEM images of SWNTs obtained after keeping
substrates different time at high temperature.
Synthesis time: 5 min., discharge power: 60 W.
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