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ABSTRACT 
 
A rapid thermal annealing process is demonstrated for 

defect reduction of multiwalled carbon nanotubes 
(MWCNTs) using a DC vacuum arc discharge system. A 
vacuum arc discharge system was used to generate high 
temperatures (~ 1800 °C) followed by rapid cooling. The 
MWCNTs were rapidly annealed in this system by several 
cycles of fast heating (300 °C per sec.) and cooling (100 °C 
per sec.). The annealed samples were characterized by 
Raman spectroscopy and transmission electron microscopy. 
It was found that the defect density was reduced effectively 
by rapid thermal anneal. When inlet water vapor to the 
annealing chamber, the more defects were removed which 
indicate the oxygen may play an important role in 
combustion of the imperfect structures and removing the 
weakly bonded defects during the rapid heating cycles. This 
method produces effective defect reduction of the 
MWCNTs. 
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1 INTRODUCTION 
 
CNTs is a unique material because of its novel physical 

and mechanical properties. Although the MWNTs 
fabricated by CVD can be manufactured a large-scale 
amounts, the highly disordered MWNTs are obtained. Dai 
et al. reported that defects in MWNT increase its resistivity 
dramatically [1]. In this sense, structural improvement of 
MWNTs for the progress of conductivitiy is necessary. 
Andrews et al. reported the thermal treatment of nanotubes 
synthesized by CVD [2]. The effect of high temperature 
annealing CNTs has been extensively studied [3]. In 
additional, it also shows that the etching rate between CNTs 
and amorphous carbon by oxidation is different. It revealed 
the oxygen play an important role to modify the structures 
of CNTs. 

 
2 EXPERIMENTAL 

 
We adapt the vacuum arc system into a vacuum arc 

rapid thermal annealing apparatus (VARTA) to carry out 
the defect annealing of MWNTs. The graphite anode of 
VARTA is a process chamber with 5 mm hole filled with 
the CVD grown MWNTs were linked together with a 
graphitic segment. The annealing process was controlled by 

arc current and the purging Ar or air flow. In the heating 
cycle, the heating rate was furnished with dc power supply 
in different current magnitude. Temperature of the process 
chamber was measured by an infrared thermometer and the 
maximum value reached to 1800 ℃ in 6 sec by the arc 
current of 60 A in the chamber based pressure of 2 x 10-2 
Torr. Fig. 1(a) shows the heating rate and the saturated 
temperature in different arc current. The cooling rate was 
achieved at ~170℃ /sec. by injected 4000 sccm high flow 
Ar direct to the process chamber surface, as seen in Fig. 
1(b). 

 
Fig. 1(a) The diagram of the terminal temperature and 

heating rate in different arc current. 1(b) The diagram of the 
cooling rate by Argon purging in different flow rate. 
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The raw MWNTs with diameters in 20-150 nm 
fabricated by CVD in relative low process temperature 
(~700 ℃) were used in our VARTA experiment. In this 
work, we modulated the different arc current for the 
observation of annealed MWNTs. The raw MWNTs 
underwent RTA for 20 cycles in 10 min from 1000 ℃ to 
1800 ℃ and high flow Ar purging of 4000 sccm in the 
vacuum chamber at a pressure of 2 x 10-2 Torr. Furthermore, 
we also constructed the humid environment to perform 
VARTA process at pressure of 1 Torr. The change in 
structure of samples was observable by Raman 
spectroscopy analysis, TEM, and SEM. 
 

3 RESULTS AND DISCUSSION 
 
In the Raman measurements, the raw and annealed 

MWNTs for 20, 30, 40, 50, and 60 A in VARTA process, 
as shown in Fig. 2(a). The result of Raman analysis 
indicates that the ratios of the intensity G-band peak to that 
of D-band peak (IG/ID) ascend with the increasing arc 
current. It represents that the higher the IG/ID reveals, the 
better the graphitic structure obtained. The TEM images, 
shown in Fig. 2(b) and 2(c), for raw and optimum annealing 
temperature of 1800 ℃. The main characteristics of raw 
samples are relatively crooked and highly disordered 
morphology. Through VARTA at 1800 ℃ , the crooked 
tubes convert into straight structures. 

 

 
 

 
 

 
Fig. 2(a) Raman spectra of raw and annealed nanotubes. 

2(b) TEM image of raw MWNTs synthesized by CVD 
shows imperfect structures. 2(c) After the optimum 

VARTA temperature of 1800 ℃, the less defects are 
obtained. 

 
Fig. 3(a) shows the relationship between graphitization 

degrees and arc currents. We found that the differences 
between the samples which were annealed by standard 
VARTA process and in humid environment. The humid 
environment provide oxygen molecules in VARTA process. 
Hence, the oxygen attack week C-C bonds in the defects of 
the CNT to help forward to reconstruct MWNTs. It is clear 
to see that the effect of oxidation or even combustion on the 
CNTs by wet-oxygen VARTA from the SEM images, the 
CNTs present less disorder by removing the amorphous 
carbon coating on the outer shell as seen in Fig. 3(b) and 
3(c).  
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Fig. 3(a) The graphitic degree between the samples 

annealed by VARTA process and wet-oxidation 
(White bar: VARTA, Black bar: Oxidation). 

3 (b) SEM image of entangled raw MWNTs. 3(c) After 
the wet-oxidation, MWNTsappear less disorder. 

 
 
 
 
 
 
 
 
 
 

4 CONCLUSION 
 
In summary, we have demonstrated the VARTA process 

is a reliable method for defect annealing. From rapid 
thermal spiking enforcing the carbon atoms rearranged into 
more graphitic structure to improve the imperfection of the 
MWNTs. Most importantly, the VARTA process on 
defected MWNTs promotes the efficiency of annealing in 
time greatly. By wet-oxidation assistants, oxygen play an 
important role to attack the week bonds of defect structures. 
This may originated from combustion of amorphous carbon 
coating or thermal assisted oxidation inside the defects.  
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