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A B S T R A C T

A simple method is reported for the fast growth of millimeter-tall aligned carbon nano-

tubes (CNTs). Two silicon substrates were stacked with catalyst layers face to face and

CNT growth occurred between them. Based on in situ monitoring, the growth rate of aligned

CNTs in stacked area was found to be much (over one magnitude) higher than that in the

area with a single substrate. The phenomenon was also valid for different catalyst layers

and cap substrate materials. This provided an easy way to improve the efficiency of CNT

synthesis without changing catalyst compositions and growth parameters.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Aligned carbon nanotubes (CNTs) attracted great interest due

to the intrinsic properties of CNT structure and the alignment

as well. Millimeter-tall CNT arrays with certain wall number

were extraordinary platforms to demonstrate excellent

mechanical, electrical, electrochemical, optical, and thermal

properties of CNTs. Recently, several groups have succeeded

in growing vertically-aligned single/double/multi-walled CNTs

(S/D/MWCNTs) [1,2]. Up to now, developing strategy for the fast

growth of aligned CNTs is still a key step to realize the efficient

production and to meet their large scale applications in micro-

electronic, composites, energy conversion and storage. Vari-

ous methods, including the deposition of barrier layer [3], the

assistance of oxidants [4,5], the development of multi-compo-

nent catalysts [6], and growth parameter optimizations [7],

have been explored. Accompanying the high interest in the

fast growth of CNT arrays, some method for monitoring the

growth rate was also developed, such as in situ telecentric

height monitoring system [8] and ex situ growth mark method

[9]. However, fast growth of millimeter-tall CNTarrays through

an efficient way and a simple but effective way to monitor the

growth of aligned CNT are still highly needed.
er Ltd. All rights reserved
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In this contribution, we explored an idea that the growth

rate of aligned CNTarrays can be greatly increased when CNTs

grow between two stacked substrates, and a digital camera

recording system was employed to in situ monitor this process.

Normally, researchers tried to avoid the cover of the substrates

during the synthesis of aligned CNTs, and the high pressure

was considered to be harmful for the growth of aligned CNTs

[10]. Surprisingly, we found that the stack of substrate signifi-

cantly promoted the growth of aligned CNTs, which grew fas-

ter and longer between two stacked substrates. As

schematically shown in Fig. 1, the substrates were stacked

with the catalyst layers face to face for the growth of CNT ar-

rays. After the chemical vapor deposition (CVD), aligned CNTs

in stacked area grew much faster than those in the non-

stacked area. This provides an easy route for the fast synthesis

of millimeter-tall CNT arrays, which can promote the produc-

tion efficiency of aligned CNTs at an industrial scale.

2. Experimental

A Si/SiO2 (600-nm-thick thermally grown SiO2 layer) wafer

was selected as the substrate. Several kinds of catalyst layers

were deposited by electron beam evaporation, including Al2O3
.
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Fig. 1 – Schematic illustration of silicon wafer stacked growth of aligned CNTs.
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Fig. 2 – (a)–(h) The in situ recorded images for the growth of

aligned CNTs on Substrate 1 (left part) and Substrate 2 (right

part). (i) Growth curves of CNT arrays with and without the

stacked of the cap substrates.
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(10.0 nm), Fe (1.0 nm) and MgO (1.0 nm), named Substrate 1;

and Al2O3 (10.0 nm), Fe (0.5 nm) and MgO (1.0 nm), named

Substrate 2; and catalyst layer of 3.0-nm-thick Fe. CVD growth

of CNT arrays were then carried out on these substrates

stacked with different cap substrates, including silicon wafer

with/without catalyst layer and 1-mm-thick quartz plate.

Generally, they were set into a horizontal tubular furnace.

The temperature ramped to 750 �C in 15 min under the gas

flow of Ar and H2, which was identified as ‘‘annealing’’ pro-

cess. C2H4 was then introduced as carbon source for CNT ar-

ray growth at the temperature of 750 �C, which is called

‘‘growth’’ process. The typical flow rates for Ar, H2 and C2H4

were 250, 200, and 100 sccm, respectively. After 1-h growth

of aligned CNTs, the supply of H2 and C2H4 was cut off and

the furnace was cooled down to room temperature under Ar

atmosphere.

To explore the fast growth of aligned CNTs between two

stacked substrates, several control experiments were carried

out. To verify the effect of the different cap substrates, the

control experiments were carried out as follows: three differ-

ent plates, including Si/SiO2 wafer (without catalyst), Si/SiO2

wafer with Fe catalyst film, and 1-mm-thick quartz plate,

were used as the cap substrates. Typical growth procedures

were applied in this control experiment. To further identify

whether the enhancement was brought by the applied pres-

sure of cap substrate or by the influence on the catalyst, the

cap substrate was used only in the annealing process in an-

other control experiment. Substrate 1 was covered by a small

piece of substrate with the same catalyst and was heated to

the setpoint of 750 �C under typical flow rate of Ar and H2,

after which the furnace was cooled down and the cap sub-

strate was removed from Substrate 1. Substrate 1 was then

used for another cycle of aligned CNT growth without cap

substrate. The influence of different H2 concentrations was

also investigated, and the typical growth recipe was applied

except that the H2 flow rate was changed to 100 sccm (50%

flow rate) and 400 sccm (200% flow rate).

The growth process was in situ monitored by a digital cam-

era Nikon D700 through a glass observation window at one

side of the tubular quartz reactor. The pictures were taken

with an interval of 30 s and the height of the CNTs was deter-

mined with the thickness of silicon wafer (500 lm) as refer-

ence. The as-obtained products were characterized using

scanning electron microscopy (SEM, JEOL JSM 7401F), trans-

mission electron microscopy (TEM, JEOL JEM 2010), and Ra-

man spectrophotometer (Renishaw RM2000 with laser
excitation line at 633.0 nm). Tapping mode atomic force

microscopy (AFM) imaging was performed on a Shimadzu

SPM-9500J3 at room temperature. The AFM cantilever used

was microfabricated from silicon with the spring constant

and resonant frequency of 11.5 N m�1 and 255 kHz, respec-
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tively. Image analysis was performed using the corresponding

commercial software.

3. Results and discussion

The growth behaviors of Substrate 1 (left part) and Substrate

2 (right part) can be real-time monitored (Fig. 2a–g). When

the CVD growth started, the growth rate of CNTs on Sub-

strate 1 at the stacked area was notably faster compared

with the non-stacked area and the CNT arrays pushed the

upper substrate away throughout the whole growth period.

The height of aligned CNTs in stacked area became uneven

and split into blocks with continuous growth. Similar growth

enhancement of aligned CNTs was also observed on Sub-

strate 2. The growth curves of CNT arrays in the stacked

and non-stacked area were obtained by the analysis of the

photos (Fig. 2i). The normal growth mode gave rise to the

CNT film with a height of ca. 50 lm and a growth rate of

ca. 0.8 lm/min. However, the stacked mode supported an ini-

tial growth rate of ca. 38 and 35 lm/min for Substrates 1 and

2, respectively.

To explore the unique substrate-stacked growth behavior,

Substrate 1 was selected as model substrate for further inves-

tigation. Aligned CNTs grown on the whole substrate after

CVD (Fig. 3a). However, a higher aligned CNT block, which

was over 1 mm tall and outclassed the CNT arrays on the

non-stacked area by over an order of magnitude, could be
Fig. 3 – The SEM images of CNT arrays obtained on Substrate 1: (a

part corresponded to the stacked area; (c) alignment of CNTs in

grown on the cap substrate.
found in the side view of the capped area (Fig. 3b). This unam-

biguously indicated that the growth of aligned CNTs was pro-

moted when they grew between two stacked substrates.

Some of aligned CNTs around the high column split toward

outside and formed the flowerlike morphology. The as-grown

CNTs on Substrate 1 showed good alignment (Fig. 3c). What’s

more, CNT arrays with similar height and shape were also ob-

tained on the small cap substrate (Fig. 3d). The fine structure

of CNTs obtained under stacked and non-stacked area was

characterized by transmission electron microscopy (TEM)

(Fig. 4a and b). It was observed that the CNTs on both the

stacked and non-stacked areas were mainly composed of S/

DWCNTs, which mainly depended on the initial catalyst film

composition on the substrate (Fig. S1). Based on the statistic

of about one hundred CNTs, the average diameter of CNTs

in the covered area was estimated to be 5.9 nm, with a stan-

dard deviation of 0.7 nm. Meanwhile, the average diameter

of CNTs in the non-stacked area was found to be 5.8 nm with

a standard deviation of 0.6 nm. The IG/ID ratio (obtained by Ra-

man spectra) of aligned CNTs grown on non-stacked area for

Substrates 1 and 2 were 0.90 and 0.79, which slightly de-

creased to 0.74 and 0.73 in cases of stacked growth (Fig. 4c

and d). This indicated the graphitization of CNTs was slightly

lower when the growth area was stacked by another sub-

strate. But generally, no significant structure change was ob-

served between CNTs obtained in stacked and non-stacked

areas.
) top view and (b) tilt view of the bottom substrate, the higher

the millimeter-tall CNT arrays; (d) the top view of the CNTs
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Fig. 4 – TEM images of CNTs obtained on Substrate 1 in (a) stacked area and (b) non-stacked area; Raman spectra of CNTs

obtained on (c) Substrate 1 and (d) Substrate 2.

Fig. 5 – The morphology of as-grown CNT arrays on the

substrate (silicon wafer with 3-nm-thick Fe catalyst film) by

substrate stacking: (a) Si/SiO2 wafer; (b) Si/SiO2 wafer with

Fe catalyst film; (c) 1-mm-thick quartz plate. In all cases, the

CNT arrays grew faster in the stacked area of the substrates.
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To further verify the growth enhancement effect, different

bottom substrates and cap materials were tested. As shown in

Fig. 5, when using a large silicon wafer (3-nm-thick Fe as cat-

alyst film) as bottom substrate and different cap substrates
(Si/SiO2 wafer, Si/SiO2 wafer with Fe catalyst, and 1-mm-thick

quartz plate), the aligned CNTs in all the three stacked areas

grew faster and longer. The heights of CNT arrays under the

cover of substrates with and without catalyst layers were

1.10 and 0.94 mm after a 60-min CVD growth, respectively

(Fig. S2), indicating the Fe catalyst on the cap substrate was

not a main factor for rapid growth of aligned CNTs between

two stacked substrates.

To determine whether the enhancement was induced by

the applied pressure on the aligned CNTs when growing [10]

or by the effect on the catalyst nanoparticles, we carried out

a two-stage CVD growth procedure as follows: the substrate

was stacked by a small piece of substrate during the first

annealing process with H2, following by the cooling and the

removal of the cap substrate; then the bare substrate was

heated and annealed again for the growth of CNTs. The re-

sults turned out that the stacked area in the first stage still

gave rise to higher aligned CNTs compared with the non-

stacked area (Fig. S3), though these two areas were under

the same condition during the growth period (second stage).

This indicated that the enhancement was induced by the

changing of the catalyst conditions rather than the pressure

applied to the CNTs. In fact, the applied pressure in this work

was only about 10 Pa, which is much smaller than the pres-

sure that can suppress the growth of CNT arrays (over

103 Pa) reported by Hart et al. [10].

To investigate the difference of catalyst in the stacked/

non-stacked areas, the substrate was annealed to 750 �C and



Fig. 6 – AFM topograph and height profiles of the catalyst surface after the annealing (a) in the non-stacked area of substrate

and (b) in the stacked area; SEM images of catalysts after annealing in the (c) non-stacked area and (d) stacked area.
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cooled down without the introduction of C2H4. When the cat-

alyst film was annealed without the covering of another piece

of substrate, the catalyst particles (height at about 8.6 nm

from Fig. 6a) were larger than those annealed with the cover-

ing (height at about 6.0 nm from Fig. 6b). Meanwhile, the SEM

images (Fig. 6c and d) also demonstrated the formation of

uniform catalyst nanoparticles on the silicon wafer. The dif-

ference of catalyst particle status may be responsible for the

different growth behaviors in the two areas. During the

annealing process, the introduction of H2 was an important

factor that influenced catalyst particle formation by altering

the kinetics of reducing process and the CNT growth rate

was reported to reach 154 lm/min by Nessim et al. [11]. For

our experiments, in both the situations of higher or lower

H2 flow rate (200% and 50% H2 flow rates to the typical condi-

tions) in the annealing process, the CNTs under the stacked

area always grew faster (Fig. S4), which indicated that the

stack of substrate extended the growth window of long CNT

arrays. It was speculated that during the annealing process,

the stacked area was with limited H2 supply for the reduction

of catalyst layer because of the diffusion resistance through

the thin slot in the edge. Therefore, the catalyst layers in
the stacked area were reduced in a more mild condition,

which was prone to form small catalysts. In the growth pro-

cess, smaller catalyst particles showed higher catalytic activ-

ities for fast growth of aligned CNTs. Though the stacking

growth may cause diffusion resistance for the carbon source

during the beginning period, it will soon be relieved because

that the growing CNT array pushed the cap substrate apart.

Hart et al. reported that the growth of CNT arrays can be

flow-mediated by the cap substrate due to the consumption

of carbon sources [12]. Similarly, with the cap substrate, the

supplied of reduction agent (H2) was limited, which was help-

ful to form uniform small catalysts (Fig. 6). Therefore the fast

growth of aligned CNTs on small Fe catalysts in the stacked

area was realized.

4. Conclusions

In summary, by the in situ monitoring of CVD growth, the fast

growth of millimeter-tall aligned CNTs were observed be-

tween two stacked substrates coated with catalyst films. This

method was valid for different top substrate materials, which

can be utilized to improve the efficiency for mass production
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of long aligned CNTs. This provides an easy route for the fast

synthesis of millimeter-tall CNT arrays, which can promote

the production efficiency of aligned CNTs in industrial scale.
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Appendix A. Supplementary data

A GIF video of the growth and TEM, SEM images, are provided
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