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Abstract 
 
Optical emission spectra (OES) of a CH4-H2 plasma during synthesis of single walled carbon nanotubes (SWNTs) 
using an Au catalyst were in-situ examined for the purpose of understanding the formation mechanism of SWNTs 
over the Au catalyst. From OES analysis, it was shown that changing the hydrogen related radicals, which are re-
garded as etching species in SWNTs growth by varying the H2 flow rate made effects on the diameter and yield of 
the SWNTs. Also OES investigations during the SWNTs growth suggest that CH/Hαcan be useful for finding the 
optimum condition for the SWNTs growth by plasma chemical vapor deposition (PCVD) method. 
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1. Introduction 
 

  Single-walled carbon nanotubes (SWNTs) are at-
tractive for vast potential applications in electronics, 
optical electronics, sensors, drug delivery, catalyst 
supports, composites, etc. Generally, metal catalysts, 
typically iron group elements (Fe, Co, Ni) and their 
alloys are indispensable for the growth of SWNTs. 
Recent experimental [1,2] and theoretical [3,4] studies 
show that controllable synthesis of SWNTs, which is 
of vital importance, can be realized to some extent by 
the careful selection of catalysts. Increasing attention 
is being paid toward exploring new catalysts for the 
controllable and selective growth of SWNTs and un-
derstanding their growth mechanism in depth. [5-9] 
For these purposes, a variety of metal catalysts, such 
as Au, Ag, Cu, Pt, Pd, Mn, Mo, Cr, Sn, Mg, and Al, 
have been newly developed for the synthesis of 
SWNTs by thermal chemical vapor deposition 
(TCVD) method. [5-10] Semiconductors, such as Si, 
Ge, and SiC also produces SWNTs [11]. Also very 
recently, takagi et al. [12] reported the growth of 
SWNTs from diamond nanoparticles. These catalysts, 
which are better called seeds, can be categorized in 
two types: one type forms a eutectic liquid; the other 
type remain as a solid phase during the chemical vapor 
deposition (CVD) growth. [13] Nevertheless, the me-
chanism behind SWNTs growth on non iron nanopar-
ticles is still unclear at this point. In this work, the 
effect of carbon and hydrogen species in CH4-H2 
plasma on the SWNTs growth were investigated using 
optical emission spectroscopy (OES) by plasma chem-
ical vapor deposition (PCVD) method [14] over the 
nonmagnetic catalyst of Au in order to study the 
growth mechanism of Au catalyzed SWNTs in PCVD.     

2. Experimental procedure 
 

Catalytic thin films of X (~ 0.2 nm) / Al2Ox (20 nm) 
were sequentially prepared on substrates by a vacuum 
evaporation and a sputtering, where X denotes a cata-
lyst type. The SWNT growth was carried out by 
PCVD with methane-hydrogen mixture gasses. Fig. 1 
shows the schematic of PCVD set up. Methane-
hydrogen decomposition was performed using a radio-
frequency (RF; 13.56 MHz) plasma reactor. The RF 
power was supplied to an upper electrode and a mesh 
grid was used as an anode to promote spatial diffusion 
of plasmas. A substrate was placed on a heater which 
is located underneath a lower electrode. The distance 
between the lower electrode and the substrate was 
fixed at 20 mm. The growth of SWNTs by PCVD was 
carried out with following procedures. First, the sys-
tem was pumped down to a base pressure of 1 Pa with 
a rotary pump, and the substrate was heated up to 
700~720 oC. Methane and hydrogen gases were then 
introduced for the SWNT growth. When the total 
pressure reached at 50 Pa, the RF power of 50 W was 
applied to produce plasmas and the SWNT growth 
was started. The growth time was 1 min. After the 
SWNT growth, the methane and hydrogen gases were 
pumped out and Ar gas was introduced into the system 
in order to cool down the substrate. To characterize the 
SWNTs grown Raman scattering spectroscopy with 
laser excitation of 780 nm (Horiba/Jobin Yvon La-
bRAM HR800) was used, which is known as a popu-
lar technique for determining diameter distributions, 
assigning chiralities, and estimating purities of 
SWNTs. Transmission electron microscopy (TEM; 
Hitachi HF-2000) were also utilized to identify the 
structure of SWNTs. Photoluminescence (PL) mea-
surements were performed for determining the chirali-
ty distributions with a JY (Horiba) Fluorolog-3 sys-
tem. The excitation wavelength was varied from 500 

*Corresponding author: Zohreh Ghorannevis;  
  E-mail: zohreh@plasma.ecei.tohoku.ac.jp 
  Tel: (+98) 21 4486 9627 
  Fax: (+98) 21 4486 9626 

Archive of SID

www.SID.ir

http://www.nitropdf.com/
http://www.sid.ir


Study of Au synthesized …                                                      Journal of Theoretical and Applied Physics, 4-1 (2010) 

2 
 

to 850 nm in 4 nm step, and emission signals were 
accumulated for 20 sec in each excitation step. Excita-
tion and emission slit widths were fixed at 10 nm. 
Emission wavelengths were collected from 900 to 
1400 nm by InGaAs photo detector. And OES was 
used to examine the species in the plasma during the 
SWNTs growth process.                                                                                                                                                                   
 

 
Fig. 1. Schematic of PCVD set up. 
 
3. Results and discussion 
 

On purpose to correlate the characteristics of the 
plasma in PCVD with the growth behavior of SWNTs, 
OES measurements were carried out. Fig. 2(a) gives 
the OES spectrum detected from the CH4/H2 gas mix-
ture plasma. The spectral lines were assigned accord-
ing to the literature [15]. In the plasma of CH4/H2 gas 
mixture, H2 radicals had a great portion of the whole 
species. Figure 2(b) and (c) show the TEM image and 
Raman spectra of the SWNTs grown by PCVD over 
the Au catalyst, respectively. The clear Raman scatter-
ing spectrum could be observed, which shows a sharp 
G-band at ~1592 cm-1, low defect-induced D-band at 
~1350 cm-1, and radial breathing mode (RBM) in a 
lower frequency range between 100 and 300 cm-1. 
This confirms the nucleation of SWNTs in the sample. 
The diameter and chirality distribution of SWNTs 
were characterized for the Au synthesized SWNTs by 
PCVD at different H2 flow rates. Figs. 3(a-c) are the 
PLE maps of SWNTs grown by the Au catalyst with 
PCVD at 0, 3, and 7 sccm H2 flow rates respectively. 
PLE maps show the narrowing of the diameter and 
chirality distribution of SWNTs by increasing the H2 
flow rate. Fig. 3(c) shows the PLE contour map of 
SWNTs sample enriched with (6,5) chirality for the 
SWNTs grown at 7 sccm H2 flow rate. By plotting the 
G/D intensity ratio which was estimated from Raman 
spectra with respect to the H2 flow rate (Fig. 3(d)), we 

found that increasing the H2 flow rate not only nar-
rowers the diameter and chirality distribution but also 
decreases the SWNTs yield. Inset in the graph shows 
the normalized intensity of CH and Hαat different 
hydrogen flow rates. Which indicates that by in-

 
Fig. 2. a) Typical optical emission spectrum in CH4 
and H2 mixture plasma, b) TEM image, and c) Raman 
scattering spectra of SWNTs produced from an Au 
catalyst by PCVD (inset shows the RBM region). 

 

Fig. 3.   PLE maps of SWNTs grown at; a) 0 sccm, b) 
3 sccm, and c) 7 sccm H2 flow rates. d) graph of G/D 
versus H2 flow rate (inset is the normalized CH and 
Hα at different H2 flow rates).  
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creasing the H2 gas during the PCVD of SWNTs, CH 
and Hα, decreases and increases respectively. The 
density of carbon and hydrogen reactants was investi-
gated using OES spectroscopy during SWNTs grown 
in PCVD in order to find out the correlation between 
SWNTs chirality and yield with the density of carbon 
and hydrogen reactants in the plasma chamber. CH 
species are known to be responsible for the SWNTs 
growth. As it can be seen in Fig. 3(d) by increasing 
the atomic hydrogen, density of CH species decreases. 
Hence not only increasing the Hα species but also 
decreasing of the CH species can be responsible for 
lowering the yield and density of SWNTs grown at 
higher H2 flow rates over the Au catalyst. In order to 
find out which factor is most crucial for the highly 
selective growth of the SWNTs samples, we carried 
out another experiment without introducing the H2 gas 
during growth to find out the effect of carbon reactant 
density in the absence of addition of any hydrogen 
reactants. In these experiments we performed TCVD 
synthesis of SWNTs without plasma assisting for de-
composition of source gas. We avoid using plasma 
since plasma increases the decomposition rate. The 
growth of SWNTs over the Au catalyst was performed 
at different growth pressures to change the density of 
carbon reactants. Fig. 4(a), (b), and (c) are the PLE 
maps of SWNTs samples grown at different growth 
pressures of 70, 50, and 30 Pa respectively. As it can 
be seen there is no significant change in diameter and 
chirality distribution of SWNTs grown by changing 
the growth pressure, which results in changing the 
carbon reactants density. In Fig. 4(d) Raman spectra of 
SWNTs grown over the Au catalyst at different growth 
pressures is given, which shows that SWNTs cannot 
be grown below 30 and above 70 Pa. From these re-
sult we conclude that hydrogen reactants play more 
critical role in selective growth of SWNTs over the Au 
than carbon reactants. 

It is known that CH/Hαoptimum ratio can be impor-
tant factor to find a balance of the carbon species of 
CH and etching species of H for the SWNTs growth in 
PCVD. Fig. 5 gives the CH/Hαdependency over the 
different experimental parameters such as H2 flow 
rate, PRF, and Ar flow rate. In order to get quantitative 
data for optimum ratios of CH/Hαfor SWNTs growth, 
we investigated the OES measurement at different 
experimental conditions. Figs. 5(a), (b), and (c) are the 
CH/Hαintensity ratio and Figs 5(d), (e), and (f) are the 
normalized density of the CH and Hαat different PRF, 
H2, and Ar values, respectively. The SWNTs growth 
window for the Au and Fe catalysts is presented by 
red and blue squares in Figs. 5(a), (b), and (c). We 
found that the upper limit for the high quality growth 
of SWNTs over both Au and Fe catalysts is around 
1.5. But the lower limit is different for these two cata-
lysts. The lower limit for the SWNTs grown over the 
Au is almost 0.5, which is about 0.2 in case of the Fe 
catalyst. The normalized carbon and hydrogen reactant 
densities at each different experimental condition are 
shown in Figs. 5(d), (e), and (f). These quantitative 
data suggest that since the Au catalyst has a lower 
catalytic activity in comparison with that of the Fe, the 
lower limit of CH/Hα should be higher. In other words 
more carbon reactants are required in order to grow 
SWNTs from the Au catalyst than the Fe catalyst, 
which results from the different catalytic activities of 
these two nonmagnetic and magnetic catalysts in cata-
lyzing SWNTs. Figure 6 is the comparison of the cata-
lytic activity of magnetic (Fe, and Co) and nonmag-
netic (Au, Pt, and Ag) catalysts in catalyzing the 
SWNTs in PCVD. The vertical axis gives the G/nCH, 
where G is estimated from Raman spectra and nCH 
denotes the density of CH reactants estimated from 
actinometry method based on OES spectroscopy by 
introducing inert gas of Ar during the SWNTs growth. 

 
 
Fig. 4. PLE maps of SWNTs samples prepared by Au using TCVD at (a) 70 Pa, (b) 50 Pa, (c) 30 Pa, and (d) Raman 
spectra of Au-TCVD 
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nCH was obtained simply as a ratio of absolute CH and 
Ar intensities. And the horizontal axis is the catalyst 
type. Therefore G/nCH is the methane conversion rate 
of each catalyst, which is correlated with the catalytic 
activity. From Fig. 6 it is clear that the conversion rate 

of magnetic catalysts is much higher than the non-
magnetic catalysts. This can affect the optimum 
CH/Hαintensity ratio for the high quality growth of 
SWNTs with different catalysts. Therefore the opti-
mum condition and also growth window for each cata-
lyst in order to grow high quality SWNTs can be 
roughly estimated from CH/Hαintensity ratio in 
PCVD. 
 
4. Conclusion 
 

The effects of hydrogen and methane reactants 
changes in the CH4-H2 feed gas mixture on the 
SWNTs synthesis have been discussed by investigat-
ing the relations between the SWNTs density and di-
ameter distribution and chemical species in the plas-
ma. It is observed that when H2 is added to the feed 
gas, the contents of atomic hydrogen becomes larger 
than that of hydrocarbon radicals such as CH and the 
the narrow diameter and chirality distribution SWNTs 
can be obtained using the Au catalyst and by farther 
increasing the atomic hydrogens, density of SWNTs 
significantly decreases due to the high concentration 

 
Fig. 5. Graphs of CH/Hα relative intensity versus; a) PRF, b) pressure, c) H2, and d) Ar flow rates. Graphs of X/Ar 
normalized intensity vs, d) PRF, e) H2, and f) Ar flow rates. 

  
Fig. 6. Graph of G/nCH for different magnetic and 
nonmagnetic catalysts at different Ar flow rates. 

RF plasma power (W) Plasma RF power (W) 

H2 flow rate (sccm) H2 flow rate (sccm) 
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of atomic hydrogens in the plasma chamber which can 
etch SWNTs. Also OES analyses showed that there is 
a close correlation between the intensity ratio of CH 
and Hα and the yield of the SWNT growth, which  
indicates the CH/Hα intensity ratio can be available to 
optimize the growth condition of SWNTs in PCVD.  
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