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Direct growth of carbon nanotubes (CNTs) array onto silicon substrate by the chemical vapor deposition (CVD) is reported.
Experimental results show that the thickness of the buffer layer has a significant effect on the morphology and defects of the array,
and when the buffer layer is about 15 nm, the best array on the silicon substrate can be obtained. Moreover, when the growth time is
less than the threshold time (70 minutes), the array height will increase with the increase of the time. Importantly, when the growth
time is higher than this threshold time, the growth of array will stop, but when the growth is continuing, the amorphous carbon and
carbon can cluster, which will affect the structure of the array. These results provide a good material basis for the device, thermal,
and conductivity technology.

1. Introduction

Carbon nanotubes (CNTs) had been discovered by Iijima
since 1991 [1]; this particular one-dimensional graphite struc-
ture has attracted great research interest in experiment and
theory due to its excellent electric, thermal, and mechanical
properties [2, 3]. Results of these studies show that CNTs
have high aspect ratio, high mechanical strength, chemical
stability, and peculiar physical properties [4]. Therefore,
CNTs are currently considered very prominent materials in
the field of nanotechnologies. So, how to assemble CNTs into
nanodevices with certain structure and function and how to
make full use of the excellent performance of CNTs have
become a concern. CNTs have also been applied in many
situations, for example, the cold cathode electron source
emitter [5] and the energy storage device electrode [6].
Thereinto, the field emission devices based on CNTs display
excellent emission performance [7, 8]. In most early studies,
CNTs weremostly grown on silicon substrates [9]. In order to
obtain good performance, such as device effects and electrical
conductivity, direct growth onmetal substrates had also been
reported [10–12], in which the highly oriented CNTs array

was grown by microwave plasma chemical vapor deposition
(MPCVD) or plasma enhanced chemical vapor deposition
(PECVD) [13]; the directional growth of CNTs was guided
by the electric field bias of the plasma [14], but the growth
effect was inferior to that of silicon substrate. In addition,
in the area of growth of long CNTs on silicon substrate,
many research teams had done a lot of work to continuously
improve the height and quality of CNTs array [11–17]. In this
paper, first, CNTs array with higher quality are synthesized
directly on the silicon substrate by using the chemical vapor
deposition (CVD) tube furnace. Secondly, we will further
study the effect of the two parameters on the properties of
CNTs array by adjusting the growth time and the thickness of
the buffer layer. Experimental results show that the thickness
of the buffer layer has a significant effect on the morphology
and defects of the array, and when the buffer layer is about
15 nm, the best array can be grown on the silicon substrate.
Moreover, we have studied the effect of the growth time on
the height and quality of CNTs array. Results indicate that
the diameter of CNTs is more uniform when the growth time
was 70min. These results provide a good material basis for
the device, thermal, and conductivity technology.
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Figure 1: Schematic diagram of CVD apparatus.

2. Experiment Details

In the experiment, silicon wafer was used as the substrate
for CNTs growth. Prior to growth of CNTs, the wafer needs
pretreatment. This process includes cleaning, annealing, and
coating. Firstly, ultrasonic cleaning is done in acetone for
5min to remove organic impurities, rinse the wafer with
deionized water, and it is dehydrated with anhydrous ethanol.
Secondly, the buffer layer is plated. Before the catalyst is
plated, we first apply the atomic layer deposition (ALD) to
deposit Al

2
O
3
layer with thicknesses 2 nm, 5 nm, 15 nm, and

25 nm. Obviously, the buffer layer is very important and plays
an important role in the formation of the longer CNTs; this
is because (1) Al

2
O
3
has a certain surface roughness which

can provide suitable conditions for the formation of uniform
size and distribution of the catalyst and (2) due to the thermal
stability and a huge surface area of Al

2
O
3
, the buffer layer

can effectively organize the coagulation of catalyst particles at
high temperatures. Finally, a layer of 2 nmFe catalyst is plated
on the buffer layer by using electron beam evaporation (EBE).

As shown in Figure 1, the complete set of equipment
includes gas, mass flow meter, and temperature controller.
In order to obtain CNTs array, we need air supplied with
acetylene (C

2
H
2
), hydrogen (H

2
), and argon (Ar). C

2
H
2
is

the source of carbon in CNTs; H
2
is reducing gas to prevent

the catalyst to be oxidized. Ar in the closed furnace tube is
the protective gas to prevent H

2
from mixing with the air.

In our experiment, firstly, we place the silicon on the quartz
sheet. Secondly, we set it in the center of the furnace tube and
seal the furnace tube. Thirdly, 500 sccm of Ar is passed into
the tube for 5 minutes. When the temperature reaches 500∘C,
400 sccm of hydrogen is introduced into the furnace tube to
prevent the catalyst frombeing oxidized. Finally, if the growth
temperature reaches 750∘C, 25 sccm of Ar is introduced. At
the end of the growth, the silicon substrate is coated with a
layer of black material.

3. Results and Discussion

3.1. Effect of Buffer Layer Thickness on CNTs Array. Mate-
rials are as follows: growth atmosphere (H2: 400 sccm; Ar:
500 sccm; C2H2: 150 sccm); Fe catalyst with thickness 2 nm
and certain parameters of buffer layer. Growth temperature
and growth time are 750∘C 25 minutes, respectively. The

effect of catalyst morphology and CNTs array is studied by
changing the thickness of the buffer layer.

From the results of Figure 2(a), where the thickness of the
buffer layer is 2 nm, one can see that CNTs array cannot be
formed when the buffer layer is too thin. When the buffer
layer is too thin, it is easy to be broken into the gap at high
temperatures, and the iron catalyst particles can pass through
the gap of the buffer layer to the silicon substrate and form
silicide; thus, it is impossible to provide a nucleation point
for the formation of CNTs arrays. In Figures 2(a)–2(d), we
present the buffer layer growth effect SEM images with the
thickness of 2 nm, 5 nm, 15 nm, and 25 nm, respectively. One
can find that the buffer layer with 5 nm has been able to
support the integrity of the catalyst to form a dense carbon
tube morphology, as shown in Figure 2(b), but it does not
meet the requirements. Moreover, the arrangement of the
array is better when the buffer layer thickness was 15 nm.
But when the buffer layer is too thick, it will be dissolved
for agglomeration phenomenon in the high temperature, as
shown in Figure 2(d). It is clear that the buffer layer on the
substrate forms gully morphology and shows a jumble of
carbon column, so it is not the kind of tube that we need.

In Figure 3, Raman spectra are used to characterize
the results of the grown arrays, Figures 2(b) and 2(c). In
the Raman spectra of multiwalled CNTs arrays, there are
two characteristic peaks with peak values 1580 cm−1 and
1350 cm−1, namely, the G-peak and D-peak, which corre-
spond to the reactions of the order degree and disorder
degree, respectively. In our experiment, the D-peak and G-
peak of the two samples are measured near the characteristic
peaks, so it indicates that the data are reliable. Usually, the
objective ID/IG ratio is used to indicate the degree of disorder
and the degree of defect concentration; therefore, when the
buffer layer is 15 nm, ID/IG = 0.65; in other words, CNTs
array has a better order, a high purity, and low defect. But
when the buffer layer is 5 nm, ID/IG = 1.03; obviously, there
are more defects; the disorder is more serious. These results
accord well with SEM. We can conclude that the thickness of
the buffer layer has a significant effect on themorphology and
defects of the array, and when the buffer layer is about 15 nm,
the best array can be grown on the silicon substrate.

3.2. Effect of the Growth Time on the Array. Keeping the
growth conditions unchanged and just changing the time, we
plot the array height as the function of the time, as shown in
Figure 4. From the profile, it can be seen that the array height
increases till threshold time (70min).

To illustrate this point even further, two samples with
different growth time are compared. One is the sample that
had just reached the maximum height (300 um) of 70min;
the other also had reached the same maximum height, but
also continued to grow 20min. Figures 5(a)–5(d) show the
characterization by SEM for different multiples. Figure 5(a)
shows that a layer of CNTs vertically grows on the silicon
substrate; the overall growth of the array is neat and arranged
closely; also, there are many clusters on the top of the
array. Figure 5(b) is schematic diagram of the middle of the
array. From the result, we find that CNTs are bent upwards
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Figure 2: (a) 2 nm buffer layer growth effect SEM image, (b) 5 nm buffer layer growth effect SEM image, (c) 15 nm buffer layer growth effect
SEM image, (d) 25 nm buffer layer growth effect SEM image.
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Figure 3: ((a) and (b)) Raman spectra of aligned CNTs.

perpendicular to the direction of the substrate, and there is
no excessive cluster. Using the SEM in the three hundred
thousand and five hundred thousand times to observe the
top cluster structure, CNTs arrays can be clearly seen to be
intertwined with each other and clearly fracture and bend,
where they are mixed with amorphous carbon and catalyst

particles. The carbon tube in the cluster is not as ordered
as the middle of the array, and there are various forms of
curvature and thickness.

In Figure 6, we present the SEM images of the sample,
which has just reached the maximum height and does not
continue to grow. Figure 6(a) is the top of sample and
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Figure 4: Effect of the growth time on the height of the CNT; real line is fitting result.
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Figure 5: (a) 4K times the top of the array SEM image, (b) 10K times the middle of the array SEM image, (c) 30K times the array cluster SEM
image, and (d) 50K times the array cluster SEM image.

Figure 6(b) is the SEM image of high times. It can be seen that
there is no clutter cluster at the top of the array, and CNTs
are arranged in an order, in which the diameter of CNTs is
basically uniform, and the average diameter is about 56.4 nm.

From the above experimental results, if the CNTS array
continues to grow after the termination of the array growth,

there will be random, irregular clusters and amorphous
carbon. This causes serious defects at the top of the array,
thus affecting the nature of the material used. We can control
the array height by adjusting the growth time and maintain
the purity and shape of the array while the array height is
maximized.
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Figure 6: (a) 3.5K times the top of the array SEM image, (b) 50K times the top of the array SEM image.

4. Conclusion

Carbon nanotubes could be synthesized from acetylene
and hydrogen gas directly on silicon substrates by CVD.
Experimental results show that the thickness of the buffer
layer has a significant effect on the morphology and defects
of the array, and when the buffer layer is about 15 nm, the
best array can be grown on the silicon substrate. The results
were confirmed by SEM and Raman. Moreover, when the
growth time is less than 70 minutes, the array height will
increase with the increase of the time. Importantly, when
the growth time is higher than this time threshold, the array
will not grow again, but when the arrays terminate growth,
continued growth will lead to some amorphous carbon and
carbon clusters, which will affect the structure of the array.
From the SEM images of two samples with different growth
time, we conclude that CNTs are arranged in an order; the
diameter of CNTs is basically uniform when the growth time
is 70min. If the growth time is extended to 90min, there will
be random, irregular clusters and amorphous carbon. So, in
order to obtain a better array under certain conditions of the
atmosphere and the temperature, we should immediately stop
after CNTs array reached the maximum height.
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