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Abstract 

Here, we have synthesized vertically aligned carbon nanotubes (VA-CNTs), using 

chemical vapor deposition (CVD) method. Cobalt and ethanol are used as the catalyst 

and the carbon source, respectively. The effects of ethanol flow rate, thickness of Co 

catalyst film, and growth time on the properties of the carbon nanotube growth are 

investigated. The results show that the flow rate of ethanol and the Co layer thickness 

play important roles on the length and the degree of alignment of the carbon nanotubes. 

High density VA-CNTs with forest-like structure are grown at a very low ethanol flow 

rate of 0.8 sccm, which is the optimized flow rate in our experiments. Therefore, the cost 

of synthesizing VA-CNTs is decreased by a low consumption of ethanol and utilizing 

the cheap CVD synthesis method. High density of small-sized catalyst particles is 

formed in the Co-catalyst thickness of 1 and 2nm, resulting in the growth of vertically 

aligned nanotubes. However, increasing the thickness of Co layer to 10 and 16 nm, leads 

to the growth of nanotubes parallel to the substrate with the spaghetti-like structure. The 

experiments reveal that enhancing the growth time from 5 to 120 min can mostly affect 

the uniformity and length of VA-CNTs. 
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Introduction 

Carbon nanotubes (CNTs) have been studied 

intensively because of their unique structural, 

mechanical and electrical properties [1-5], such as 

electron field emission, photoconductivity, spin 

coherent transport, and very high thermal conductivity. 

Vertically growth of CNTs with high density (forest-

like structure) directly on a desired position of various 

substrates is highly important for many applications [6], 

and forest of vertically aligned CNTs has shown notable 

optical properties [7, 8]. Mizuno et al. [9] have reported 

that among all known materials, a forest-like structure 

of vertically aligned single-walled carbon nanotubes 

(VA-SWCNTs) behaves most similarly to a black body. 

For the synthesis of CNTs, chemical vapor deposition 

(CVD) methods may have priority to other techniques 

due to the ability of growth on a large-scale, and the 

easiness of controlling their structure. Alcohol vapor has 

been used as an effective carbon source for synthesizing 

SWCNTs by various groups [10-12] .Highly pure CNTs 

could be grown using ethanol as a low-cost carbon 

source by the method so-called alcohol catalytic 

chemical vapors deposition (ACCVD), which is 

expected to be a potential technique for the fabrication 

of electronic devices [13]. A multilayered catalyst 

structure has been used by many groups to improve the 

CNTs production at low temperatures [14, 15]. 

In this paper, we used a catalyst with the sandwich 

structure of Al/Co/Al on Si substrate. Then, we studied 

various factors, such as the effects of ethanol flow rate, 

thickness of catalyst, and growth time, on the properties 

of the VA-CNTs grown by ACCVD method using 

ethanol carbon source.  

 

Materials and Methods 
The CNTs were grown using ACCVD method with a 

quartz tube vacuum furnace. In our experiments, Si p-

type (100) wafers were utilized as substrate. After 

routine solvent cleaning of substrates, a catalyst with the 

sandwich structure of Al (10 nm)/Co (1-16 nm)/Al (0.5 

nm) was deposited by thermal evaporation under a base 

pressure of approximately 10
-6

 Mbar. A quartz crystal 

balance oscillator controlled thickness of the evaporated 

layers. The low-lying Al layer was used as buffer layer 

[16], which could also cause a decrease in the 

probability of catalyst sintering [15]. The Al top layer 

forms a stable alumina–catalyst interface and 

additionally stabilizes small Co clusters [15]. 

After deposition of the Al/Co/Al sandwich structure 

in a PVD-chamber, the substrates were transferred into 

the quartz tube of CVD reactor (with 2.5 cm diameter 

and 100 cm length), which was first evacuated using a 

rotary pump to a pressure of about 10
-2

 Mbar. Then, 

argon as carrier gas was introduced into the chamber at 

a flow rate of 200 sccm and the substrates were heated 

up to 650˚C and held at this temperature for 15 min in 

order to form Co nanoparticles as nucleation centers. 

After the substrate treatment, ethanol vapor as a carbon 

source was immediately fed into the CVD reactor for 10 

- 120 min at aforementioned temperature of 650˚C. In 

the various experiments, the ethanol flow rate in the 

growth chamber changed from 0.1 - 1.5 sccm by 

varying the temperature of ethanol flask using a hot 

 
 

Figure 1. SEM images of CNTs grown with ethanol flow rate of (a) 0.1, (b) 0.3, (c) 0.8, and (d)-(e) 1.5 sccm. 
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plate. After growth, the ethanol gas flow was stopped, 

and, in the presence of argon flow, the substrate was left 

to cool down to room temperature.  

The morphological aspect of the samples and the 

quality of CNT growth, including density, length, and 

orientation of them, were analyzed by scanning electron 

microscope (SEM) [TESCAN VEGA//]. Raman 

spectroscopic analysis of CNTs was carried out using 

the Raman Alimga Thermo Nicolet spectrometer with a 

laser wavelength of 532 nm under ambient conditions.  

 

Results and Discussion 
  The effect of the ethanol vapor concentration on the 

properties of the CNTs grown in the CVD reactor was 

considered by varying ethanol flow rate. Therefore, 

while other variable conditions in this study were kept 

constant, i.e. Co thickness=1 nm in Al/Co/Al structure 

and growth time=45 min, the ethanol flow rates of 0.1, 

0.3, 0.8, and 1.5 sccm were chosen by changing the 

temperature of the ethanol container accordingly. 

SEM images of carbon nanostructures grown at the 

various ethanol flow rates are shown in figure 1. As 

seen in this figure, for ethanol flow rate of 0.1 sccm no 

CNT growth was observed and just catalyst clusters or 

amorphous carbon would be created. When the ethanol 

flow rate was increased to 0.3 sccm, randomly oriented 

CNTs parallel to the substrates with spaghetti-like 

structure could be detected. By increasing ethanol flow 

rate to 0.8 sccm, vertically aligned CNTs with forest-

like structure were observed. Ethanol flow rate of 1.5 

sccm resulted in CNT growth in a direction parallel to 

the substrates mixed with vertically grown nanotube 

arrays. However, the length of these CNTs in 

comparison to the length of those grown in the flow 

rates of 0.3 and 0.8 sccm was significantly shorter. 

At the growth temperature of about 650
0 

C, the 

hydrocarbon will decompose to carbon atoms and 

smaller molecules. The diffusion of carbon atoms 

during the heat treatment can form carbon aggregations, 

which would also diffuse along with carbon atoms and 

smaller molecules. If diffusion of carbon atoms and 

aggregations on Al surface is faster than their escaping 

ratio on the Co perimeter, they can be accumulated at 

 
 

Figure 2. Raman spectra of CNTs grown with 0.3, 0.8 and 1.5 sccm flow rates of ethanol respectively. 

 

 
 

Figure 3. Raman spectra of pure Si substrate 
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the perimeter of Co nanoparticle to form CNTs [16]. 

Different ethanol flow rates result in different carbon 

fluxes on the substrate and, therefore, in various 

densities of the accumulated carbon at the perimeter of 

the Co nanoparticle. In our experiments, the 

accumulated carbon at the Co perimeter was not 

sufficient to commence the nucleation for CNT growth 

at ethanol flow rate of 0.1 sccm. By increasing ethanol 

flow rate to 0.3 sccm, carbon flux increased so that a 

higher density of the accumulated carbon at the 

perimeter of the Co nanoparticle was provided in order 

to form low density CNTs with spaghetti-like structure. 

As flow rate increased to 0.8 sccm, the collected carbon 

source at the perimeter of the Co nanoparticle could be 

enough to form highly dense vertically aligned CNTs 

with forest-like structure. In this study, ethanol flow rate 

of about 0.8 sccm was presented as a critical flow rate 

for emerging CNTs which were mostly aligned in a 

vertical direction, since by increasing the flow rate to 

1.5 sccm, CNTs were also grown in various directions. 

At the flow rate of 1.5 sccm, precipitated carbon atoms 

and their aggregations may increase the probability of 

formation of CNT nucleation in various directions on 

the Co nanoparticles. This can result in CNTs grown in 

a direction parallel to the substrates mixed with 

vertically grown nanotube arrays. Furthermore, an 

increase in the flow rate may cause a Co catalyst 

poisoning and burning of CNTs [17]. This can lead to 

growth of CNTs with shorter length at flow rate of 1.5 

sccm in comparison to their length at lower flow rates. 

The Raman spectra of the CNTs grown by different 

flow rates are shown in figure 2. The strong peak at 

about 1590 cm
−1

 is attributed to the G-band of tangential 

mode of the graphitic structure while the peak around 

1350 cm
−1

 is the D-band associated with the lattice 

defects process [18]. For the synthesized CNTs, the D-

band signal intensity is stronger than that of the G-band, 

indicating considerable lattice defects. The Raman 

spectra of all the CNTs grown by ACCVD method in 

this investigation exhibit some peaks of radial breathing 

mode (RBM) in the range of 100 to 350 cm
-1

, that 

shows the presence of single-walled CNTs with 

different diameters [19, 20].  

The peak around 1800 cm
−1

 (M band) as a 

combination mode of the G band and RBM, and Si peak 

around 500 cm
−1

 are also seen at the spectra. By 

increasing ethanol flow rate from 0.3 to 1.5 sccm, the 

intensity of Raman spectra of CNTs grown decreased 

that can be attributed to increase in the amorphous 

carbon amounts. In accordance with figure 3, the peaks 

of Raman spectrum of silicon substrate are observed 

near frequencies of 300, 500 and 900 cm
-1

; however, the 

prominent peak is at 500 cm
-1

. In this experiment, the 

peak of 500 cm
-1

 is only seen in a Raman spectrum of 

synthesized CNTs with the flow rate of 1.5 sccm. For 

other samples in this work, this peak is vanished as the 

density of CNTs, as an appropriate light absorber, 

increases. Furthermore, this can show that the peak of 

about 280 cm
-1

; which is seen in all Raman spectra of 

grown CNTs, is not related to the Si substrate. This peak 

is attributed to the RBM peak of CNTs, which shows 

the existence of some single walled CNTs among the 

synthesized nanotubes in this research. 

In other researches [16, 21-23], the ethanol flow rate 

for synthesizing CNTs by ACCVD method is 

dramatically higher, even more than 50 fold, compared 

to our work in this paper. One of the drawbacks of this 

work due to lattice defects is the D-band signal 

intensity, which is stronger than that of the G-band in all 

Raman spectra. In addition, the other experiments [21-

23] have been done with comparatively higher growth 

temperature than 650
o
C, which we have used for CNTs 

growth with ACCVD method. Raising the temperature 

in our experiments can result in less amorphous carbon, 

and highly pure CNTs [13, 15, 17, 21]. 

In order to study the effect of thickness of catalyst 

with the sandwich structure of Al (10 nm)/Co/Al (0.5 

nm) on the properties of the CNT growth, Co catalyst 

film thickness was changed from 1 to 16 nm while other 

variable conditions were kept constant, i.e. growth time 

~ 45 min and ethanol flow rate ~ 0.8 sccm. The SEM 

images of Al/Co/Al catalysts in the various Co 

thicknesses of 1, 2, 10, and 16 nm, which were annealed 

at 650˚C, are shown in figure 4. The mismatch of the 

thermal expansion coefficients of the catalyst and Si 

substrate causes that the catalyst heating breaks the 

catalyst layer into the small islands or nanoparticles [24, 

25].  

In addition, similar to the results of the other groups 

[24, 26-28], as figure 4 reveals, the island size depends 

on the thickness of the initial Co film. It can be seen that 

the density of the catalyst islands decreases, while the 

size of catalyst islands increases by raising the thickness 

of the Co layer. The catalyst islands are responsible for 

the CNT growth, and the key parameter to the growth of 

vertically aligned CNTs is to synthesize highly dense 

catalyst particles with small sizes [6, 15, 29]. In other 

words, the highly dense small-sized catalyst 

nanoparticles provide growing CNTs with high density. 

Their outermost walls interact via van der Waals forces 

with neighboring CNTs [30], resulting in a very dense 

forest-like vertically aligned CNTs. 

Figure 5 shows SEM images of the CNTs grown with 

the different Co catalyst thicknesses. Similar forest-like 

VA-CNT arrays were grown on the basis of the 

catalysts with the Co thicknesses of 1 and 2 nm, in 
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which the high-density small-sized catalyst particles are 

formed. However, by increasing the Co thickness from 

1 to 2 nm, the average length of the CNTs decreased 

from about 15 to 10.5 μm. As the Co thickness 

increased to 10 and 16 nm, CNTs emerged with 

spaghetti-like structure and their length reached to about 

1μm. Nevertheless as figure 6 shows, for Co thickness 

of 16 nm, growth of forest-like structure of CNTs with 

the length of about 6 μm is also observed in some parts. 

The CNT growth with mix of forest-like and spaghetti-

like structures, can be seen on the catalyst layer with Co 

thickness of 16 nm, and it is attributed to the 

nonuniform fragmentation of the catalyst layer with Co 

thickness of 16 nm during annealing (figure 4) and 

change in shape and size of catalyst particles during 

CNT growth [26, 31].  
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As the catalyst thickness and the catalyst particle size 

increases, the density and length of the CNTs reduces. 

This reduction can be related to catalyst activity 

diminution, which decreases the growth rate [32, 33]. 
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As Figure 7 shows, there are no significant differences 

between the Raman spectra of CNTs grown with 1 and 

2 nm Co thicknesses film. Also the spectra of CNTs 

grown on the catalysts with 10 and 16 nm are similar. 

 
 

Figure 4. SEM images of the catalyst layer with the sandwich structure of Al/Co/Al on Si substrate, 

annealed at 650˚C, in the various Co thicknesses of (a) 1nm, (b) 2nm, (c) 10nm, and (d) 16nm. 

 

 

Figure 5. SEM images of CNTs grown with different Co thicknesses of (a, and its inset) 1nm, 

(b) 2 nm, (c) 10 nm, and (d) 16 nm. 
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But by increasing the Co thickness from 1 and 2 to 10 

and 16 nm, Raman intensity of CNTs grown decreased 

that can be attributed to increase in amorphous carbon 

amounts. When the Co thickness varies from 1 to 16 

nm, the nearly similar RBM modes indicate almost 

constant diameter distribution and purity of the 

nanotubes. Therefore, varying the catalyst thickness 

mainly affects the degree of alignment and the length of 

the CNTs synthesized at the mentioned conditions. 

In order to investigate the effect of growth time on 

the properties of the synthesized CNTs, the time interval 

in which ethanol vapor flows into the chamber were set 

to 5, 10, 30, 45, 100, and 120 min while keeping all 

other parameters constant at the optimum (Co thickness 

~ 1 nm and ethanol flow rate ~ 0.8 sccm). Figure 8 

shows the Raman spectra of CNTs grown at different 

 

Figure 6. (a) SEM image of forest-like structure of CNTs grown with Co thickness of 16 

nm. (b) The zoomed view of upper ellipsoid in (a). (c) The zoomed view of lower 

ellipsoid in (a). (d) Forest-like structure of CNTs grown from another section of the 

sample with Co thickness of 16 nm. 

 

 

Figure 7. Raman spectra of CNTs grown with 1, 2, 10, and 16 nm of Co thicknesses layer respectively. 
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time intervals. The results indicate that there are no 

considerable differences among the Raman spectra of 

CNTs with various growth times from 5 to 100 min, but 

by increasing growth time to 120 min Raman intensity 

decreased. 

ID/IG ratio is nearly constant for the different 

deposition times, resulting in CNTs with nearly similar 

structural quality. 

Figure 9 shows SEM micrograph of vertically 

aligned CNTs grown at different time intervals. By 

increasing the growth time from 5 to 30 and to 45 min, 

the length of the CNTs reached from 2.5 to 10.5 and to 

15 μm respectively. However, enhancing the growth 

time to 100 and to 120 min decreased the length of the 

CNTs to about 7 and to 4.5 μm respectively. 

As the deposition time increases, the carbonization or 

 

Figure 8. Raman spectra of CNTs grown at different growth times. Curves show the Raman spectra 

with 5, 10, 30, 45, 100 and 120 min of growth times respectively. 

 

 

Figure 9. SEM micrograph of VA-CNTs grown at growth times of (a and its inset) 5 min, (b and its 

inset) 10 min, (c and its inset) 30 min, (d and its inset) 45 min, (e and its inset) 100 min, and (f and its 

inset) 120 min. 



Optimized Conditions for Catalytic Chemical Vapor Deposition of … 

85 

oxidation of the catalyst might cause the formation of 

the diffusion barrier layer around the catalyst [33-35] 

that reduces the CNTs growth rate. Furthermore, as the 

thickness of the CNT mat on the catalyst film increases, 

the mat can begin to act as a barrier, which reduces the 

supply of the ethanol to the catalyst below. This 

reduction can cause a decrease in the growth rate [36]. 

Decrease in the length of the CNTs as a result of a 

longer growth times is unclear. However, this can be 

attributed to the presence of excess oxygen in the CVD 

chamber, due to insufficient oxygen pumping, which 

hinders growth by reducing the catalyst activity, and can 

also oxidize the topmost portion of the mat [36-39]. 

A possible reason for the virtually slow growth rate 

of the CNTs grown by ACCVD method is that pure 

ethanol does not supply the proper balance of carbon, 

hydrogen, and oxygen. A number of groups [40-43] 

have reported that the proper carbon-hydrogen-oxygen 

balance is critical to the synthesis of millimeter-long 

VA-CNTs films. Therefore, the optimization of the 

aforementioned balance may significantly increase the 

length of the synthesized VA-CNTs. 

 

Conclusions 

In this study, the optimum conditions for synthesis of 

VA-CNTs using ACCVD method is investigated as a 

function of ethanol flow rate, Co catalyst thickness, and 

growth time. It is found that the highly dense structure 

of small-sized catalyst nanoparticles as well as 

sufficiently accumulated carbon at the perimeter of Co 

nanoparticles are the key factors to the growth of VA-

CNTs. In our experiments, the very low ethanol flow 

rate of 0.8 sccm and 1 nm thick Co annealed at 650˚C 

are provided in order to grow high density VA-CNTs 

with forest-like structure. In the optimum conditions of 

ethanol flow rate (0.8 sccm) and Co thickness (1nm), 

the VA-CNTs mat on the substrate becomes more 

uniform as the growth time increases from 10 to 120 

min. However, the growth time of 45 min results in the 

longest CNTs.  CNTs grown in this research have 

similar ratio of ID/IG, indicating all samples have similar 

defects, which is attributed to the relatively low growth 

temperature of 650˚C. 
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