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Abstract. We report the influence of catalyst formulation and reaction temperature on
the formation of carbon nanotube (CNT) thin films by the chemical vapour deposition
(CVD) method. Thin films of CNTs were grown on Fe–Mo/Al2 O3 -coated silicon wafer by
thermal decomposition of methane at different temperatures ranging from 800 to 1000◦ C.
The electron microscopic investigations, SEM as well as HRTEM, of the as-grown CNT
thin films revealed the growth of uniform multi-walled CNTs in abundance. The intensity
ratio of D-band to G-band and FWHM of G-band through Raman measurements clearly
indicated the dependency of structural defects and crystallinity of CNTs in thin films on
the catalyst formulation and CVD growth temperature. The results suggest that thin
films of multi-walled CNTs with negligible amount of defects in the nanotube structure
and very high crystallinity can be obtained by thermal CVD process at 925◦ C.
Keywords. Carbon nanotubes; thin films; chemical vapour deposition; scanning electron
microscopy; Raman spectroscopy.
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1. Introduction
Since carbon nanotubes (CNTs) were first reported by Iijima [1] in 1991, there
has been tremendous development in the field of materials science and technology.
CNTs possess extremely remarkable electrical, mechanical and thermal properties
having the potential for a variety of applications [2–7]. The synthesis of high-quality
CNTs in different forms is therefore important to meet the requirements of these applications. Several methods are reported for the synthesis of CNTs, viz. electric arc
discharge, laser ablation, chemical vapour deposition, solar energy and electrolysis
[8–11]. Among all these methods, chemical vapour deposition (CVD) is a simple
and inexpensive method for CNT production. It is capable of producing uniform
CNTs in a variety of forms (powder, thin films etc.) with well-defined structure and
controlled reproducibility. It also allows the use of a variety of carbon precursors
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[12–16] and substrates of irregular shapes, depending on the requirement of a particular application. Many research groups have reported the synthesis of high-quality
single-walled and multi-walled CNTs [17–19]. To synthesize high-quality CNTs,
several catalyst formulations such as Mo/MgO [20,21], CaCO3 [22], Ni–Mo/MgO
[23], substituted ferrocene [24] and Co–Ni/MgO [25] have been suggested. It has
been reported that the nature of catalyst [26] as well as variation in the process
condition of CVD such as flow rate of the reacting gas [27] or reaction temperature [28] affect the morphology of CNTs. The crystallinity of CNTs is largely
dependent on the catalyst [29]. In this paper, we report the growth of highly crystalline multi-walled CNTs in the form of thin films with significantly less structural
defects. We discuss the morphological features of CNTs in thin films produced
on Fe–Mo/Al2 O3 -coated silicon wafer by simple CVD process at different reaction
temperatures and correlate the structural defects and crystallinity of CNTs with
the growth temperature.
2. Experimental
The Fe–Mo/Al2 O3 catalyst suspension in methanol was prepared by the simple dissolution method. Fe(NO3 )3 ·9H2 O (Aldrich, 98+%), bis(acetylacetonato)dioxomolybdenum VI (Aldrich) and Al2 O3 in a weight ratio of 4 : 0.3 : 3 were mixed
in adequate amount of methanol and sonicated for 30 min to form a suspension of
the catalyst. The catalyst suspension was then drop-casted on a silicon chip and
allowed to dry under IR lamp for a few minutes.
CNT synthesis was carried out on an Easy Tube ET2000 thermal CVD system
(Firstnano, USA). Figure 1 displays the process unit comprising of a furnace with
heating coils, quartz tube reactor and substrate loader. The silicon chip coated with
the catalyst was loaded into the quartz tube reactor and the furnace was heated
from room temperature to reaction temperature in inert atmosphere with an argon
flow of 1000 sccm. The flow of argon was replaced by a mixture of CH4 and H2 as
soon as the furnace attained the reaction temperature. CH4 and H2 were introduced
into the quartz tube reactor for 30 min at flow rates of 1000 sccm and 200 sccm
respectively. The flow was then switched to argon and the furnace was allowed to
cool to room temperature. The CVD process was run at different temperatures
ranging from 800 to 1000◦ C with an increment of 50◦ C keeping all other process
parameters unchanged.
The samples of CNT thin films prepared at different temperatures were characterized by scanning electron microscopy (SEM), high resolution transmission electron
microscopy (HRTEM) and Raman spectroscopy. The chips of CNT thin films were
directly used for SEM and Raman characterizations and no further sample preparation or purification was carried out, thus allowing the nanotubes in thin films to
be investigated in their natural condition. For HRTEM, a small portion of CNT
deposit was scratched and then, its suspension in methanol was drop-casted on a
carbon-coated copper grid. The SEM micrographs were obtained using a Leica
Stereoscan 440 operating at an accelerating voltage of 20 kV and magnification in
the range of 50k–100k X. The HRTEM images were obtained using a FEI Technai
F30 electron microscope operating at 300 kV. The Raman spectra were recorded
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Figure 1. Process unit of Easy Tube ET2000 thermal CVD system: 1.
Heating coils, 2. quartz tube reactor and 3. substrate loader.

at room temperature on a Horiba JY LabRAM HR800 micro-Raman spectrometer with 17 mW 632.8 nm laser excitation (He–Ne laser, Elaser = 1.96 eV) in
backscattering mode.
3. Results and discussion
The thin films of CNTs were obtained on silicon chips by thermal decomposition
of methane at the growth temperatures of 800, 850, 900, 950 and 1000◦ C. The
photograph of these films in figure 2 shows that all films were well formed. The
chip area is fully covered and uniformly coated with shiny black carbon deposits.
The morphology of CNTs in thin films and the presence of other carbonaceous
nanoparticles were investigated by SEM and HRTEM. Figures 3 and 4 show the
SEM and HRTEM images of CNT thin films grown on Fe–Mo/Al2 O3 catalyst by
thermal decomposition of methane at different temperatures. The SEM images
shown here are of as-grown CNT thin films and no purification was performed
before the imaging. All images display homogeneous distribution of CNTs to form
tangled web-like network with tubes joining at the points of catalyst nanoparticles.
The HRTEM images of the CNT thin films reveal the structural defects in the
nanotubes. The images clearly show the qualitative changes in CNTs with varying
growth temperature. The temperature-dependent growth of CNTs using acetylene
as precursor has been reported by Lee and co-workers [30]. In the images of CNT
thin films prepared at 800 and 850◦ C shown in figures 4a and 4b (as well as 3a
and 3b of SEM images), the nanotubes appear to be less graphitized along with the
other carbonaceous nanoparticles formed due to low growth temperature. The SEM
images of CNT thin films obtained at 900 and 950◦ C (figures 3c and 3d) show that
the nanotubes are smooth, clean and uniform, and measure the length up to a few
microns. The overall catalyst surface is fully covered with nanotubes revealing the
Pramana – J. Phys., Vol. 74, No. 3, March 2010
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Figure 2. Photograph of CNT thin films prepared at different reaction temperatures: (a) 800◦ C, (b) 850◦ C, (c) 900◦ C, (d) 950◦ C and (e) 1000◦ C.

high density of CNTs in thin films. The HRTEM images of these CNT thin films
shown in figures 4c and 4d reveal the high-quality CNTs with no traces of other
carbonaceous nanoparticles. The images also reveal that the CNTs are multi-walled
with uniform diameter, ca. 25 nm. Thus, from SEM and HRTEM observations, it
can be inferred that the CNTs have high aspect ratio of the order of 103 . In the
case of CNT thin film grown at 1000◦ C (figures 3e and 4e), the layers of graphitic
carbon nanoparticles appear on the wall surfaces of the nanotubes revealing the
formation of poor-quality CNTs.
Raman analysis supports the SEM and HRTEM observations and is frequently
employed to study the carbon nanostructures. Apart from identifying various forms
of carbon, Raman spectroscopy also can be used to assess the defects in the structure
and crystallinity of CNTs [31]. Figure 5 shows the Raman spectra of CNTs grown
by thermal CVD of methane at different temperatures. All spectra show the firstorder characteristic peaks, strong G-band peak around 1578 cm−1 due to the inplane oscillations of sp2 carbon atoms in CNTs [32] and weak D-band peak around
1320 cm−1 due to the presence of defects in CNTs [33]. The G- and D-band
peaks for CNTs in thin films grown at different temperatures vary in the range of
1575–1580 cm−1 and 1312–1330 cm−1 respectively. These variations suggest the
dependency of structural perfectness of CNTs on the growth temperature. A small
bump observed around 1750 cm−1 in all the spectra may be attributed to the Mband or out-of-plane overtones [34]. The intensity of D-band is much lower than
that of G-band showing the growth of highly graphitized CNTs [35,36].
The intensity ratio of D-band to G-band (ID /IG ) indicates the extent of defects
within CNTs [37]. The smaller the value of ID /IG is, the lesser the structural defects
in CNTs would be. The intensity ratio, ID /IG , is also used as a purity index to
assess the purity of CNTs. The degree of crystallinity of CNTs can be investigated
by full-width at half-maximum (FWHM) of G-band. Figure 6 shows the dependence
of the amount of defects within CNT structure and crystallinity of CNTs on the
growth temperature in CVD process. ID /IG decreases with increase in temperature
from 800 to 900◦ C and increases with further increase in temperature from 950 to
1000◦ C. ID /IG value in the range of 0.1–0.2 has been reported as acceptable defect
level in the atomic structure of CNTs [38]. In our case, the growth temperature of
900◦ C offers the ID /IG value of 0.073 indicating that the structural defects are very
less in CNT thin films or they are distortion-free at this growth temperature. The
FWHM decreases to the least value of 37 cm−1 as the growth temperature increases
450
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Figure 3. SEM images of CNT thin films grown on Fe–Mo/Al2 O3 catalyst
by thermal CVD of methane at different temperatures: (a) 800◦ C, (b) 850◦ C,
(c) 900◦ C, (d) 950◦ C and (e) 1000◦ C.

from 800 to 950◦ C and then, increases to 57 cm−1 at 1000◦ C. The FWHM of 37
cm−1 at 950◦ C represents the high degree of crystallinity for CNTs in thin films.
Thus, the growth temperature at the point of intersection of ID /IG line and FWHM
line, i.e. 925◦ C can be marked as the threshold temperature to grow high-quality
CNT thin films. The results of Raman analysis for the structural defects and
crystallinity of CNTs strongly agree with the microscopic observations.
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Figure 4. HRTEM images of CNT thin films grown on Fe–Mo/Al2 O3 catalyst by thermal CVD of methane at different temperatures: (a) 800◦ C, (b)
850◦ C, (c) 900◦ C, (d) 950◦ C and (e) 1000◦ C.

4. Conclusion
CNTs are new advanced materials with excellent electrical, mechanical and thermal
properties. In order to make use of these intrinsic properties in various potential
applications, a systematic growth of high-quality CNTs on a substrate in integrated
form such as thin film is essential. CVD is a well-developed process for the growth
of CNTs on any form of substrate. The growth temperature in CVD process plays
a very important role in the formation of high-quality CNT thin films. The growth
temperature lower than the threshold value alters the growth rate and restricts
452
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Figure 5. Raman spectra of CNT thin films grown on Fe–Mo/Al2 O3 catalyst
by thermal CVD of methane at different temperatures: (a) 800◦ C, (b) 850◦ C,
(c) 900◦ C, (d) 950◦ C and (e) 1000◦ C.

Figure 6. Plot of ID /IG and FWHM of CNTs in thin films as a function of
CVD growth temperature.

the graphitization, whereas higher temperature leads to the formation of non-CNT
carbonaceous nanoparticles and increases the defect level. It is evident from the
results of SEM, HRTEM and Raman spectroscopy that high-quality CNT thin films
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with very less structural defects and high crystallinity can be obtained by thermal
CVD of methane in the temperature range of 900–950◦ C. Uniform distribution of
nanotubes and very narrow range of diameter distribution can be achieved using
Fe–Mo/Al2 O3 catalyst suspension in methanol.
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D T Colbert and R E Smalley, Science 269, 1550 (1995)
[3] A C Dhillon, K M Jones, T A Bekkedahl, C H Kiang, D S Bethune and M J Heben,
Nature (London) 386, 377 (1997)
[4] S J Tans, M H Devoret, H Dai, A Thess, R E Smalley, L J Geerligs and C Dekker,
Nature (London) 386, 474 (1997)
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