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一、 Abstract 
 
Catalyst-assisted Si-C-N nanotubes and 
Si-C-N crystals were synthesized by gaseous 
sources of CH4/N2/H2 and CH4/N2, 
respectively, and using solid Si columns 
symmetrically around the specimen as 
additional Si sources. The formation of the 
tubular structure is related to the ambient of 
process including H2 gas. The H2 gas is 
considered to delay the action of the so-called 
catalyst poisons and keep open the tube end 
for growth. SEM results show that the 
Si-C-N crystals are tetragonal or hexagonal 
shapes, a micron in size. Also, the Si-C-N 
tubes are random orientated with various tube 
diameters. The microstructures and bonding 
structures of Si-C-N crystals and Si-C-N 
tubes are investigated using TEM, XPS, and 
EELS. 
關鍵詞：Nanotube、Crystals、Catalyst 
 
二、Experiment 
 

Si-C-N crystals and Si-C-N nanotubes 
were synthesized on Co (100 nm) coated Si 
wafers using a microwave plasma chemical 
vapor deposition (MPCVD) system, where 
Co film was formed by physical vapor 
deposition (PVD). The additional Si sources 
were inserted into specimen holder 
symmetrically around the specimen. Figure 1 
schematically shows process conditions and 
the positions of Si columns relative to the 
sample. The synthesis steps were as follows. 
(1) H2 reduction for 10 min at 5 Torr, and a 
microwave power of 500 W, followed by (2) 
introduction of CH4/N2 or CH4/N2/H2 process 
gases, in a ratio of 10/100 sccm or 10/100/50 

sccm, at a deposition pressure of 12 Torr, 
respectively, and a microwave power of 800 
W, for four hours. SEM was employed to 
examine the film morphologies. The Si-C-N 
film compositions and bonding structures 
were determined by XPS (Microteck 
MT-500). TEM (Philips Techni 20) was used 
to characterize microstructures of the 
nanotubes, and electron energy loss 
spectroscopy (EELS) equipped with TEM 
was used to determine the bonding structures 
of NTs.  
 
三、Results and discussion 
   

Si-C-N crystals and Si-C-N nanotubes 
were synthesized with the same process 
parameters except the gaseous source of the 
former was a mixtures of CH4/N2 gases and 
that of the later was at CH4/N2/H2 gases. 
Figure 2(a) shows the typical Si-C-N crystal 
morphologies, which are similar to those in 
our previous work,2-4 in which tetragonal or 
hexagonal facet crystals of µm size were 
observed. Meanwhile, Fig. 2 (b) shows the 
tubular-like structures of Si-C-N indicating 
the random orientations and various tube 
diameters. The effect of the H2 gas on either 
the Si-C-N crystal or the Si-C-N tube 
formations is interesting and can be 
interpreted in the following two ways. The 
first is that hydrogen removes the graphite 
overlayer coated on the surface of catalyst 
particle. This overlayer hinders the carbon 
atoms’ desorbing and dissolving in the 
catalyst particles, equivalent to blocking the 
catalytic action of the transition metal.25 
Accordingly, the “clean” surface exposed by 
H2 etching allows the succeeding C atoms to 
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dissolve in the catalyst, and then to 
precipitate a graphite-like structure around 
the catalyst particle. Tubular like structures 
are thus formed. The second interpretation is 
that H2 gas promotes the graphite-like 
structure formation. Reconstruction of the 
end of the tube by H2 atoms can prolong the 
tube “opening”, 26 since the H2 atoms bond to 
the exposed dangling bonds of carbon. Here, 
the role of the catalyst in forming Si-C-N 
tubes is similar to that of the proposed 
models of Baker et al.27, Oberlin et al.28 and 
Tibbetts,29 who employed the concepts of the 
vapor-liquid-solid model.30 The tube grows 
by precipitation of graphite sheets from a 
super-saturated catalytic droplet. The 
formation of curved graphite basal plane is 
energetically favorable, and so the tubular 
structure is formed. The base growth model 
is suggested to dominate the growth of 
Si-C-N nanotubes because the catalyst 
particle at the tip of the tube was not 
observed in the SEM top view investigation. 
In comparison, the catalytic functions of the 
process ambient without H2 gas differ from 
with H2 gas. The catalysts are suggested to 
provide nucleation sites for Si-C-N crystal 
nucleation, and effectively reduce the energy 
of formation at initial stage. As the growing 
film covers the catalytic particle, the catalytic 
function is lost. The film morphologies 
depend on the buffer layer and substrate 
treatment according to our previous study,2 
because the extra buffer layer, such as Fe or 
Co, can markedly increase the film 
deposition rate, which result is proven by the 
higher deposition rate when a catalyst is 
added (2.5 µm/hr) than that none is added (1 
µm/hr). Figure 3 schematically shows the 
growth mechanisms of Si-C-N crystals and 
Si-C-N nanotubes. The Si-C-N crystals are 
formed in the process ambient without H2 gas, 
while the Si-C-N nanotubes are formed in the 
process ambient with H2 gas. 

The XPS and EELS were selected, to 
identify the bonding structure of Si-C-N 
crystal and Si-C-N nanotube, respectively. 
Figure 4 shows high resolution XPS scans of 
core levels of Si (2p), C(1s) and N(1s). These 
spectra deconvoluted by Gaussian fitting 
consist of sub-peaks. The deconvolved peaks 

shows that the bonding of Si(2p)-Si, Si(2p)-N, 
C(1s)-C, C(1s)-N, C(1s)=N, N(1s)-Si, 
N(1s)-C and N(1s)=C are at 99.8 eV, 103.4 
eV, 284.5 eV, 286.7 eV, 288.7 eV, 397.7 eV, 
399.1 eV and 400.4 eV, respectively. In 
conclusion, the Si-C-N crystals are 
multi-bonding structures. Figure. 5 shows the 
EELS spectrum of Si-C-N nanotubes and the 
corresponding HRTEM image. The K-shell 
ionizations of C, N and Si occur at 288 eV, 
401 eV and 1838 eV, respectively. For 
carbon K edge, the fine defined structure of 
the π* and σ∗ pre-ionization edges are 
characteristics of sp2 hybridization of 
graphite structure. Nevertheless, the carbon K 
edge in these results deviates from ideal sp2 
hybridization, since the π* fine feature (288 
eV, as the indicated by the arrow) shifts to 
the higher energy as compared with that of 
graphite (284 eV). The σ∗ peak at 299 eV, 
however, is clearly shown. For nitrogen K 
edge, the observed π* transition and 
σ∗ feature correspond to the sp2 
hybridization. The observed 401 eV π* peak 
is consistent with the energy of the predicted 
peak (401~403 eV) that corresponds to 
replaced carbon by the trivalent nitrogen in a 
hexagonal lattice,31 revealing the bonding 
structure of N atoms in an Si-C-N nanotube 
network. Notably, the spilt of the σ∗ fine 
feature in nitrogen K edge is also observed. 
Some researchers consider that the split or 
round shape of σ∗  peak is related to the 
presence of pentagonal defects and 
corrugations with sp3-bonding character.32, 33 

Here, both the shift of carbon π* edge and 
the split of the nitrogen σ∗ edge are 
considered to be related to the presence of 
additional Si atoms in tube structures. The 
introducing of N and Si atoms into the 
carbon nanotube structure may cause 
distortion; change the bonding in pentagonal, 
heptagonal or other crystal lattices, and 
promote bending stress. The tube structures 
are thus distorted by forming bamboo-like 
structures, and the stress may determine the 
compartment size of the bamboo structure. 
Figures. 6(a) and 6(b) shows the TEM and 
HRTEM images of Si-C-N nanotubes. The 
inset zoom-in image shows the locally 
graphite-like structure. Interestingly, the 
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spacing between two layers is 0.35~0.37 nm 
larger than that of pure CNT, 0.34 nm. Si 
addition in Si-C-N nanotubes is worthy of 
study.  
 
四、Conclusions 
 

In conclusion, catalyst-assisted Si-C-N 
crystals and Si-C-N nanotubes were 
synthesized without and with introducing H2 
gas into the precursor gaseous source. The H2 
gas removes the C overlayer on catalyst 
particles, to allow succeeding C atoms to 
dissolve in the catalyst, since this coated film 
on catalyst surface hinders the catalytic 
action. Also, the reconstruction of tube end 
by H atoms that decorate the exposed C 
dangling bond can prolong the tube 
“opening” for the tube growth. The XPS 
results show that Si-C-N crystals consist of 
multi-bonding structures. Adding Si atoms in 
the C-N network is believed to be an 
interesting subject for further study. The 
unique differences between the nanotubes 
and the bulk films have opened up many 
scientific and technological possibilities. 
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Fig. 1 Relative positions between Si columns 
and the sample in a reactor. 

 
Fig. 2 SEM morphologies of (a) Si-C-N 
crystals, (b) Si-C-N nanotubes formed using 
Co catalyst film. 
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Fig. 3 Growth model of (a) Si-C-N crystals (b) 
Si-C-N nanotubes. 
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Fig. 4 XPS spectrum of Si-C-N crystals (a) Si 
(2p) core level, (b) C (1s) core level and (c) 
N (1s) core level. 
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Fig. 5 EELS spectrum of Si-C-N nanotube 
recorded from the tube walls shown in Fig. 6 
(b) 

 

 
Fig. 6 TEM images of Si-C-N nanotube at (a) 
low magnification (b) high magnification.
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