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Effect of Catalysts on Carbon Nanotube Growth on Silicon Substrates
in Chemical Vapor Deposition
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We describe the behavior of iron and cobalt catalysts on silicon substrates in chemical vapor deposition (CVD) of car-
bon nanotubes. Nanoparticles of iron and cobalt exhibited a melting point drop in methane ambient. Nanoparticles present
after nanotube growth are identified as FesC and CosC, for iron and cobalt, respectively. These findings indicate that a eu-
tectic compound of metal and carbon is formed in the methane ambient, resulting in the phase separation of graphite (nano-
tubes) as the carbon uptake in the catalyst melt increases. This supports the vapor-liquid-solid mechanism for the nanotube
growth by CVD. Iron- or cobalt-silicide formation causes poisoning of the catalysts. However, the coexistence of oxygen
due to native oxide on the silicon surface or the metal surface causes formation of a SiOz base that can prevent silicidation

of iron particles.
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Fig. 1. SEM images of nanotubes grown on Si with CH4 and various catalysts.
The catalyst used and the growth temperature were: (a) Fe nanoparticles,
8500 ; (b) FexOs nanoparticles, 9500 ; (c) 0.3 nm-Fe film, 85000 ; (d)
0.5 nm-Co film, 8000 .
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Fig. 2. SEM images of Fe nanoparicles with 30-nm diam.
(a) After annealing at 8500 in Ar. (b) After anneal-
ing a 9000 in Ar. (c) After annealing at 6000 in
CHa. (d) After annealing at 6500 in CHa.
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Fig. 3. Cross-sectional TEM images and diffraction patterns
of nanoparticles after SWNT growth using CHa. (a)
Fe nanoparticles at 9500 . (b) Co nanoparticles at
8000 .

Tablel. Meélting pointsof Fe and Co nanoparticles.

Fe20s nano-particles  Fe nano-particles Febulk  Co nano-particles  Co bulk

size (nm) 5-10 30 — 30 —
melting pointin Ar (O) 700 900 (1535) 650 (2495)
melting point in CHa (O ) 600 650 (1248)2 600 (1321)2

aEutectic point of Fe-C system.
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Fig. 5. Cross-sectionad TEM and SEM images of Fe nano-
particles after SWNT growth using CHa at 9500 .
(a) Cross-sectional TEM image of nanoparticles on
Si. (b) SEM image of nanoparticles on Si. (c) Cross-
sectional TEM image of nanoparticles on SiO2.
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Fig. 6. Cross-sectiona TEM images and diffraction patterns
of nanoparticles after heating at high temperatures in
CHa. (8) Fe nanoparticles at 10000 . (b) Co nanopar-
ticlesat 9500 .
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Fig. 7.

(@) SEM and (b) cross-sectional TEM images of Fe-
deposited Si substrate in ultrahigh vacuum. These
images were taken after CH4 CVD at 9000 .
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