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Abstract

The temperature and time dependences of carbon nanotube (CNT) growth by chemical vapor deposition are studied

using a multilayered Al/Fe/Mo catalyst on silicon substrates. Within the 600–1100 �C temperature range of these

studies, narrower temperature ranges were determined for the growth of distinct types of aligned multi-walled CNTs

and single-walled CNTs by using high-resolution transmission electron microscopy and Raman spectroscopy. At

900 �C, in contrast to earlier work, double-walled CNTs are found more abundant than single-walled CNTs. Defects
also are found to accumulate faster than the ordered graphitic structure if the growth of CNTs is extended to long

durations.

� 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) have unique elec-

tronic, mechanical, and thermal properties – in-

cluding ballistic conduction and the highest known

tensile strength and thermal conductivity – which

are expected to find applications in electronics and

composite materials. However, in order to realize

their potential, it is important to understand the

nucleation and growth processes of CNTs and, for

some applications, to find ways to directly control

their synthesis in useful configurations. For ex-
ample, although the pulsed-laser vaporization

method can produce a high yield of single-walled

carbon nanotube (SWCNT) bundles [1], laborious

purification and separation are required before

they can be used or their properties studied, and

the SWCNT ends are notoriously difficult to locate

for direct studies of nucleation and growth.

In contrast, catalytically controlled chemical
vapor deposition (CVD) is promising for nucle-

ation and growth studies, but also is quite versatile

for scaled-up production of CNTs. For example,

it has been demonstrated that a variety of

Chemical Physics Letters 374 (2003) 222–228

www.elsevier.com/locate/cplett

* Corresponding author. Fax: +1-865-576-3676.

E-mail address: cui@ornl.gov (H. Cui).

0009-2614/03/$ - see front matter � 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0009-2614(03)00701-2

mail to: cui@ornl.gov


hydrocarbon species can be used as the carbon

source for CVD growth of CNTs, including CH4

[2–9], C2H4 [10,11], C2H2 [11–14], C6H6 [15], xy-

lene [16,17], thiophene [15], n-hexane[18] and CO

[10,13,19–21]. A lower partial pressure of carbon

supply gas also was demonstrated to be a limiting
step for SWCNT growth, and to favor the pro-

duction of cleaner CNTs with fewer defects [14].

Transition metals including Fe, Co and Ni act as

the catalyst for CNT growth in quite different

precursor forms such as an evaporated film on a

flat substrate [22], an oxide in porous materials

[3,4], or suspended in the gas phase [18]. Additives

such as Mo and Ru can be used to dilute the
catalyst and are found to increase the production

and improve the quality of CNTs [3–8,19,21,23].

Of primary interest for the work reported here,

the catalytically controlled CVD growth of CNTs

on a flat substrate can easily differentiate both ends

of the nanotubes, thus facilitating nucleation and

growth studies. A multilayered metal-film catalyst

of aluminum/iron/molybdenum recently has been
reported to control the density of SWCNTs and

aligned multi-walled CNTs grown on silicon sub-

strates [7]. However, the temperature-dependence

and the time-dependence of growth – two of the

most important parameters for controlled synthe-

sis of CNTs – were not reported in that work. In

this letter, we have utilized this multilayer catalyst

as an easily formed model catalyst that permits
controlling the concentration of the active cata-

lytic element (Fe). We report results of a compre-

hensive investigation of the effects of growth

temperature and time on the CVD nucleation,

growth and structural type of CNTs while using

acetylene (C2H2) as the carbon supply gas.

2. Experimental

Electron beam evaporation was employed to

deposit the multilayered catalyst structures on

1 cm2 silicon substrates. Aluminum with a thick-

ness of 10 nm was evaporated first, followed by

1 nm iron, and finally 0.2 nm molybdenum. A

piece of the silicon substrate was then placed in an
alumina boat, and subsequently transferred into

a CVD reactor, which consists of a one-stage

furnace and a 1.5 in. O.D. quartz tube. A mixed

gas flow of argon (500 sccm) and hydrogen

(100 sccm) was used to purge the tube while the

furnace was heated up to the desired temperature.

In about one hour or when the furnace tempera-

ture had stabilized, 2 sccm acetylene was intro-
duced into the gas flow to start the deposition.

After the growth process, the acetylene gas flow

and the furnace were switched off at the same time.

Argon and hydrogen continued to flow until the

substrate temperature cooled below 300 �C. The
substrate was then taken out of the reactor for

analysis. The substrate was broken into halves

near the center, so that both the surface and cross-
section of the carbon deposit could be examined

using high-resolution field emission scanning

electron microscopy (FESEM, Hitachi S4700).

Carbon deposits also were extensively character-

ized using Raman spectroscopy (633 nm excitation

wavelength) and transmission electron microscopy

(TEM, Philips EM400, 100 keV; Hitachi HF2000,

200 keV). The surface morphology of the catalyst
on the substrate was observed using atomic force

microscopy (AFM).

3. Results and discussion

CNT growth was investigated at different tem-

peratures ranging from 500 to 1100 �C. Fig. 1
shows the cross-section FESEM images of CNTs

after 20 min growth. CNTs were not observed on

the substrate at 500 �C. Multi-walled carbon na-

notubes (MWCNTs) were observed at 600 �C, as
shown in Fig. 1a. Although the majority of

MWCNTs were vertically aligned (simply due to

crowding) with a length of about 1 lm, some
MWCNTs appeared to be longer than 3 lm. At
700 �C, aligned MWCNTs dramatically reached a

length of about 54 lm (Fig. 1b). With a further

temperature increase to 800 �C, however, the

length of CNTs decreased, without vertical align-

ment because of their decreased density and ab-

sence of crowding, and some CNT bundles started

to appear (Fig. 1c) with their length estimated to

be about 10 lm. More CNT bundles can be ob-
served at 900 �C (Fig. 1d), suggesting that multi-

walled CNTs with quite small diameters or even

H. Cui et al. / Chemical Physics Letters 374 (2003) 222–228 223



SWCNTs exist (see the HRTEM and Raman dis-
cussion below for their identification). It should be

noted that these bundles are formed from CNTs

emerging from different growth sites. Further-

more, some CNTs can separate from a bundle

after it is formed and incorporate into another

bundle nearby, producing CNT networks [2,4].

Bundles with large diameters can be observed to

extend upward from the surface, and others ap-
pear to form close to the substrate with random

direction. The visual appearance of the deposit at

1000 �C appears lighter and much more diffuse

than at 900 �C, revealing less surface coverage and
consequently still less crowding and vertical

alignment. Both the CNT length and nucleation

density were reduced at 1000 �C as revealed by

Fig. 1e. When the temperature was increased to
1100 �C, however, the substrate surface was found
to be densely occupied by curly carbon structures,

showing that the carbon deposit is highly defective

(Fig. 1f) [14].

Typical CNT morphologies were further ob-

served as a function of temperature and at high

resolution by using TEM as shown in Fig. 2. Fig.

2a shows that at 600 �C, CNTs are multi-walled

and highly defective. At 700 �C, CNTs also are
observed but with smaller diameters and fewer

graphitic layers, as shown in Fig. 2b. Double-

walled CNTs (DWCNTs) have an amorphous

graphitic layer on their outer wall, but their exis-

tence is sparse. At 800 �C, SWCNTs begin to ap-

pear but are mixed with DWCNTs as well as

MWCNTs with more than two graphitic layers

(Fig. 2c). A similar mixture is also found at 900 �C.
However, DWCNTs appear to be much more

abundant than SWCNTs (Fig. 2d), so that the

concentration of SWCNTs is small in contrast to

results reported by others using this catalyst [7].

The diameter of the SWCNT in the figure is near

1.2 nm, and the DWCNTs near 2.2 nm. It is

noteworthy to point out that the MWCNTs have

large inner shell diameters and just a few graphitic
layers. When the temperature is further increased

to 1000 �C (Fig. 2e), carbon fibers with larger di-

ameters are found among smaller nanotubes.

Compared with CNTs, the fibers have no distinct

wall structure and hollow cavities, thus showing

their highly defective (tending toward amorphous)

nature. Carbon fibers appear to be the only

product at 1100 �C (Fig. 2f).

Fig. 1. Cross-section FESEM images of CNTs at different growth temperatures: (a) 600 �C; (b) 700 �C; (c) 800 �C; (d) 900 �C;
(e) 1000 �C; and (f) 1100 �C. (d) and (e) are less clear because of the lower density and curved nature of the CNTs, resulting in fewer
CNTs in the SEM�s focal plane (see Fig. 2 for confirmation).
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Raman spectroscopy was performed on the
surfaces of the carbon deposits to characterize the

diameter distributions of the smaller CNTs and

their graphitic ordering, and to provide statistical

information to supplement both the FESEM and

HRTEM observations. Each spectrum is com-

prised of 100 acquisitions with each acquisition

lasting 1 second. The CNT growth duration was

20 min at each temperature. As shown in Fig. 3,
breathing mode signals in the 100–300 cm�1 range

were observed between 800 and 1000 �C, reaching
a maximum at 900 �C (see insert a and b). The

breathing mode signals disappear both at low

temperatures (at and below 700 �C) and at higher
temperatures (above 1000 �C). The inset a of Fig. 3
shows a detailed breathing mode Raman spectrum

at 900 �C with the positions of major peaks
marked. At a first-order approximation, if the re-

lationship between the SWCNT diameter D and

Raman shift x, D (nm)¼ 248/x (cm�1) [24], is

applied, then the numerical majority of SWCNTs

are found to have a diameter distribution between

1.1 and 2.2 nm. Both CNTs with smaller diameter
than 1.1 nm and larger than 2.2 nm may also exist

at low concentration, according to the Raman

spectra. However, this result must be modified

when DWCNTs are considered since they appear

much more abundant than SWCNTs in HRTEM.

Indeed, the DWCNTs can contribute to the

breathing mode spectra and cause the peaks to

shift [25]. However, the relationship between
DWCNT diameter and Raman frequency shift is

unknown at this time. The inset b of Fig. 2 shows

the relationship of the peak intensity ratio of the G

band and the D band as a function of growth

temperature, revealing the degree of graphitic or-

dering in the carbon deposits. Corresponding to

the largest breathing mode signal, the carbon de-

posit at 900 �C also shows a strong G band at 1590
cm�1 and weak D band at 1317 cm�1 with IG/ID
reaching a maximum, firmly establishing that

CNTs with highly ordered graphitic structures are

produced at this temperature. The IG/ID ratio de-

creases both above and below 900 �C. The carbon

Fig. 2. TEM images of CNTs deposited at different growth temperatures: (a) 600 �C; (b) 700 �C; (c) 800 �C; (d) 900 �C; (e) 1000 �C;
and (f) 1100 �C. The scale bar is 10 nm.
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deposits at 1100 �C are the most defective, con-

firmed separately by a low Raman IG/ID ratio and
by the curly nature of the carbon deposits ob-

served in both FESEM and HRTEM.

Time dependences of the CNT growth also were

studied for both 700 and 900 �C, since 700 �C
appears to be the optimum growth temperature for

MWCNTs and 900 �C the optimum for DWCNTs

and SWCNTs. Fig. 4 shows the CNT length vs.

growth duration at 700 �C. The growth appears
fast at the initial stage but levels off for long du-

rations, showing a behavior of MWCNT growth

that has been observed in many CVD processes.

Both the growth rate and the maximum length,

however, are dependent on growth conditions

[16,17,26]. Fig. 5 shows the growth-duration de-

pendence of Raman spectroscopy performed on

the surface of the CNT deposits grown at 900 �C.
The major breathing mode peak positions do not

change with growth duration, reflecting that the

diameter distribution of CNTs does not change

with increasing growth. However, the intensity

ratio between the G band and the D band

dramatically decreases with time, as shown in the

inset, suggesting that for long growth times de-

fective carbon deposits accumulate faster than

ordered graphitic structures. This result was con-

firmed by FESEM cross-section observations on

the sample deposited for 80 min, in which amor-
phous carbon structures were found to have

nucleated on the substrate surface.

These extensive observations using FESEM,

HRTEM, and Raman spectroscopy clearly estab-

Fig. 4. CNT length as a function of growth duration at 700 �C.
(The dashed line is only a guide for the eye.)

Fig. 5. Raman spectrum of CNTs for different durations of

growth at 900 �C. The inset shows the peak intensity ratio of G
band over D band as a function of growth duration.

Fig. 3. Raman spectrum of CNTs deposited at different tem-

peratures. Inset (a) enlarged view of breathing mode spectra of

CNTs grown at 900 �C. Inset (b) peak intensity ratio of G band

over D band as a function of temperature.
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lish that the nucleation density of different forms

of CNTs strongly depends on growth temperature.

For MWCNTs, the nucleation density is high at

low temperatures. Confinement due to neighbor-

ing CNTs forces the CNTs to grow upward and

their vertical alignment is due only to this
�crowding� effect. Similar alignment has been re-

ported using only iron film as the catalyst, without

aluminum and molybdenum layers [26,27]. When

the growth temperature increases, the catalyst

surface roughens, as is confirmed by AFM mea-

surements. The RMS value of the surface rough-

ness for the catalyst surface treated at 700 �C was

found to be 2 nm, lower than the RMS value of
2.5 nm at 900 �C. Aluminum was found in other

work to increase the production of SWCNTs [7].

Molybdenum also has been found to effectively

disperse and stabilize iron nanoparticles, and to

play a role synergetic to the catalyst iron [3–6,

8,10,23]. Thus the substrate surface is effectively

roughened and activated, and consequently nu-

cleates large numbers of SWCNTs/DWCNTs. In
fact, the nucleation density is high enough to

produce small bundles of SWCNTs/DWCNTs. On

the other hand, prolonged annealing treatment at

900 �C is found to encourage aggregation and

the formation of large catalyst particles, and con-

sequently to reduce the nucleation density of

SWCNTs/DWCNTs. The growth-duration-depen-

dence study of CNT growth at 900 �C described
above supports this conclusion, since the large

catalyst particles were found to nucleate amor-

phous carbon structures. The fast thermal de-

composition rate accounts for the formation of

defective fiber-like carbon structures at 1100 �C.
The growth-temperature range for SWCNTs

and DWCNTs in this study was found to lie be-

tween 800 and 1000 �C, with an optimum at
900 �C. For SWCNTs, this temperature range is

higher than was found in some other studies, in

which SWCNTs have been observed at growth

temperatures as low as 680 �C [8,9]. We attribute

this difference to the different substrate/support

materials used. In those studies, alumina and/or

silica supports were employed, which had larger

and still rougher surfaces than the roughened but
initially flat silicon surface used here. As the study

reported here illustrates, surface roughness can

play an important role in stabilizing catalyst par-

ticles with smaller size and lowering the activation

energy for the nucleation of SWCNTs, thus re-

ducing the growth temperature. But the limited

usefulness of this approach also is apparent, since

a broad distribution of catalyst particle (and CNT)
sizes always will result, and truly control of CNT

type is lacking. SWCNTs have also been synthe-

sized at high temperatures up to 1200 �C. This is
partially due to the choice of carbon feedstock and

has direct impact on the SWCNT quality. Amor-

phous carbon is generally found covering

SWCNTs when C2H2 is used as carbon feedstock

at elevated temperatures due to its fast decompo-
sition [12,14]. In contrast, CO decomposes at a

moderate rate in the high-temperature range and

thus produces clean SWCNTs [10,13,19,20]. High

temperature also is needed in the pyrolysis of

n-hexane or thiophene [15,18].

In conclusion, the temperature and time depen-

dences and the structural type of CNTs grown by

CVD of C2H2 from a thin film of Al/Fe/Mo have
been studied. The study shows that onlyMWCNTs

nucleate at low temperatures (�700 �C) and that

SWCNTs/DWCNTs nucleate starting near 800 �C.
The SWCNTs/DWCNTs are optimally grown at

900 �C, where their density is sufficient to permit

the aggregation of CNT bundles. Raman spec-

troscopy and high resolution electron microscopy

indicate that growth at higher temperatures favors
the formation of more defective carbon-fiber

structures which are most likely caused by the

higher rate of catalyst particle aggregation. The

same mechanism appears responsible for the in-

troduction of defective carbon structures at lower

temperatures and much longer growth durations,

indicating that optimal SWCNT/DWCNT frac-

tional yields for this catalyst system are sensitive to
both growth temperature and time.
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