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Controlled Growth and Applications
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Abstract: This article reviews recent results in the field of nanotube research obtained at EPFL. We show in
particular that with catalytic deposition technigues such as chemical vapor deposition carbon nanotubes with
controlled properties can be obtained. We then discuss the functionalization of these CVD-grown nanotubes
for the realization of fibers and composites, as well as their use in field emission devices.
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1. Introduction

As the number of academic and industrial
scientists involved in carbon nanotube re-
search [1] steadily increases, and therewith
the demonstrations for their application in
various fields, it is becoming increasingly
apparent that one of the keys to a success-
ful use of these nanostructures is the control
of the growth, be it for mechanical strength-
ening, electronic devices, chemically func-
tionalized structures or field emitters. Dur-
ing the first years of nanotube research,
nanotubes were mostly produced by arc
discharge or laser ablation. Recent develop-
ments in chemical vapor deposition (CVD)
have rendered the catalytic techniques,
where a hydrocarbon gas is decomposed
over a transition metal catalyst to grow
nanotubes, increasingly attractive. We pres-
ent here some recent examples of advances
in the field of carbon nanotube growth by
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CVD and subsequent functionalization, in-
corporation in composites, and use in field
emission devices.

2. Catalytic Growth

Carbon filaments and fibers have been
produced by thermal decomposition of
hydrocarbons since the 1960s [2]. Such
fibers were either amorphous in nature, and
had to be subsequently graphitized by heat
treatment [3], or were partly graphitized
in a herring-bone pattern [4]. A similar
approach was used for the first time
in 1993 to grow multiwall nanotubes
(MWNTs) from the decomposition of
acetylene over iron particles [5]. In nano-
tube CVD, the growth proceeds by the de-
composition of the gaseous carbon source
(typically CH, or C,H,) at the surface of the
catalyst particle (typically Fe, Ni, Co or
their oxides). The carbon is then dissolved
in and diffuses through the particle, until
supersaturation is reached and carbon is
segregated in a sp2 structure to avoid dan-
gling bonds, which ultimately leads to the
formation of a nanotube.

The. catalytic method has undergone
dramatic improvements in the last few
years [6-8], using in a first phase silica [9]
and zeolites as catalyst supports [10][11].
The CVD methods are also ideally suited to
grow films of nanotubes on substrates such
as silicon [12-16] or glass [17][18]. In
many cases, there are no or very few co-
deposited carbon allotropes. Cumbersome

purification steps are thus unnecessary.
Substrates can be directly patterned with
catalysts using lithographic techniques.

Several CVD techniques have been
demonstrated in the past years. The thermal
CVD is a simple pyrolysis, usually per-
formed in a tlow reactor inside a tubular
oven as shown in Fig. 1a. The CVD process
can also be assisted by a hot filament (hot
filament CVD) [19], and/or by a microwave
or rf plasma (plasma enhanced CVD)
[17]1[20]. The latter two embodiments are
more complicated but allow significant de-
crease of the growth temperature and more
flexible adjustment of the reaction atmo-
sphere [21]. Instead of heating reaction gas
and substrate in a flow reactor, one can al-
s0 heat only the catalyst-covered substrate,
as in Fig. 1b, which offers the possibility of
growing carbon nanotubes on long sub-
strates.

Clearly, both placement and diameter of
the nanotube depend on the catalyst particle
as the growth is activated by the catalyst.
The formation of the catalyst particles is
therefore a crucial step of the growth, as
each nano-sized particle will ideally lead to
the catalytic growth of only one nanotube.
One possibility to form the catalyst parti-
cles needed to seed the growth of nanotubes
is to start from metallic ions dissolved in a
solution. The particles form from the indi-
vidual ions by aging in the solution or co-
alescence during high temperature anneal-
ing [22].

This approach allows one also to realize
nanotube patterns on a substrate, as shown
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in Fig. 2. As the catalyst precursor is a
liquid solution, standard lithography tech-
niques cannot be used. Conversely, soft
lithography, a nonphotolithographic tech-
nique developed in 1993 by Whitesides
[23] and where a patterned elastomer is
used to deliver a material onto a surface, is
compatible with many liquid phase catalyst
precursors. For the patterned growth of
nanotubes, microcontact printing (UCP,
which is one variation of soft lithography)
of catalyst precursors has been successfully
implemented as schematized in Fig. 2a
[15][24]. The structured stamp, obtained by
curing an elastomer over photoresist pat-
terns defined on a Si wafer (the ‘master’), is
loaded with a catalyst solution (the ‘ink’).
The catalyst is then transferred onto the
substrate by mechanical contact [15]. Sin-
glewall nanotubes (SWNTs) or MWNTs
can be grown on the pattern of catalyst de-
pending on the combination of catalyst pre-
cursor, hydrocarbon gas and deposition
temperature. An example of such regular
patterning is shown in Fig. 2b, for MWNTs
grown by hot filament CVD of CH,:H, at
570 °C over mixed Al:Fe catalysts [25] [26J
The use of a liquid catalyst allows great
flexibility. Since the ink is a solution, one
can vary the composition and concentration
of dissolved transition metal salts, which is
of crucial importance to control the growth.
For example, the density of nanotubes can
be varied with the initial concentration of
metallic ions in the solution [22]. For low
concentrations of iron nitrate in ethanol

(1 mM) only a few single nanotubes are dis-
tributed randomly over the printed zones.
Increasing the concentration of the catalyst
to 20 and 40 mM leads to the formation of
a film of entangled nanotubes. Finally, a
concentration around 50 mM results in very
dense arrays of nanotubes aligned perpen-
dicular to the surface. For concentrations
higher than 60 mM, the growth of nano-
tubes is almost inhibited and the pattern is
decorated by carbon particles. A sparse
growth of nanotubes (instead of thick mats)
can be realized with a mixed catalyst, where
the active catalyst is dispersed in an inert
matrix as has been demonstrated by com-
bining iron nitrate with aluminum nitrate
[27].

The nanotube diameter is more difficult
to adjust, but monodisperse particles sus-
pended in solution can also be delivered by
microcontact printing if a monodisperse
growth is needed. The power of this ap-
proach has been demonstrated by using the
iron-containing cores of ferritin as catalyst
[28]. The key to the use of such particles is
to avoid their coalescence at the growth
terperature, which can be done by immo-
bilizing or embedding them in a matrix that
is both stable at the growth temperature and
inert for the CVD growth. Aluminum ni-
trate was successfully used as an additive to
grow carbon nanotubes with an outer diam-
eter of 5.2+0.6 nm.

Itis also desirable for some applications
to deposit carbon nanotubes on nonplanar
substrates such as wires or rods. Basically,
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Fig. 1. Schematics of different CVD production techniques: (a) usu-
al thermal CVD, where the gas is decomposed in a flow reactor that
crosses the hot zone of an oven; (b) cold atmosphere CVD, where
only the substrate is resistively heated.
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Fig. 2. Patterns of catalysts realized by micro-
contact printing: (a) schematics of the pat-
terning procedure; (b) nanotube patterns
(‘bowls’) grown by hot filament CVD of CH4:H,
at 570 °C over mixed Al:Fe catalysts.
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nothing prevents the CVD growth of nano-
tubes on non-planar substrates: the only
condition is that the substrate is uniformly
heated. This is naturally realized in a flow
reactor, and thermal CVD is for this the
most practical implementation [29][30].
However, the usual CVD methods become
impractical for deposition over large sub-
strates (e.g. to realize the 40 cm-long cath-
ode, consisting of nanotubes deposited on a
thin wire, of the luminescent tube present-
ed in Fig. 6), as the entire substrate has to
be uniformly heated in the hot zone of the
oven.

One possibility to avoid this problem is
shown in Fig. 1b, and consists in heating
only the substrate by resistive heating in-
stead of placing the substrate in the hot zone
of an oven. In that case, the growth is car-
ried out under a partial pressure of acety-
lene (1-400 mbar) with the glass tube as
reactor enclosure. As only a very small vol-
ume of gas is heated to the reaction temper-
ature, we have named this method ‘cold at-
mosphere chemical vapor deposition’, or
CACVD [31]. Besides making possible the
deposition of nanotubes on large substrates,
CACVD allows the morphology of the
nanotube film (density and length of the
nanotubes) to be influenced by reaction
temperature and gas pressure, which is a
precious advantage for the realization of
field emission devices [32].

3. Functionalization

One of the main interests in carbon nano-
tube research is to develop novel materials
which incorporate the unique physical
properties of carbon nanotubes. A represen-
tative example of this effort is to assemble
carbon nanotubes into long macroscopic
fibers. For this process, nanotubes are dis-
persed in a surfactant solution, re-con-
densed into fibers, and pulled out from the
dispersion by applying an inhomogeneous
electric field [33]. As can be seen in
the scanning electron microscopy (SEM)
micrograph (Fig. 3), the rope with a diame-
ter about 10 wm exhibits nanotube bundles
with a preferential alignment along the
fiber axis. The mechanical strength of the
prepared ropes is not as high as expected,
which can be explained by the weak inter-
action between the individual nanotubes
and bundles within the rope. By chemical
modification of the carbon nanotubes, the

Fig. 4. FT-IR spectra between 3300 and 2700 cm™" of lauroy! per-
oxide, SWNT raw material, and SWNT material after the reaction

with lauroyl peroxide.
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Fig. 3. SEM image of a representative SWNT
rope with homogeneously well-oriented bun-
dles of SWNTs. The diameter of the rope is
about 10 pm.

cross-linking between separate bundles can
be improved and the strength of the ropes is
expected to be considerably enhanced.

The chemical reactivity of CNTs lies
between that of fullerenes and graphite, and
strongly depends on the diameter of the
nanotubes [34]. Beside the low reactivity,
the very low solubility or dispersibility of
CNTs in organic solvents makes their func-
tionalization very difficult. Therefore, side-
wall functionalization by forming covalent
bonds can be only achieved with highly re-
active reagents [35]. In our laboratory, the
investigation of functionalization of SWNTs
is concentrated along two main approaches.
The first approach is ‘spin labeling’, where
functional groups are attached to SWNT
sidewalls via S-S bridges. Their density
can be directly measured by the electron
spin resonance technique. The second ap-
proach is the sidewall functionalization of
SWNTs with carbon radicals. Radical addi-
tion to alkenes is a topic of great interest in
the fields of radical polymerization, organ-
ic synthesis, combustion and atmospheric
chemistry [36]. As a source of carbon radi-
cals, lauroy! peroxide and dibenzoyl perox-
ide were used. These kind of peroxides
thermally decompose to CH,(CH,),,- and
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phenyl radicals. The side product of ther-
mal decomposition of dialkyl and diaroyl
peroxides is CO,.

Fig. 4 shows sections of FT-IR spectra
obtained for lauroyl peroxide (LP), initial
SWNTs, and the SWNT material after the
reaction with LP. The direct comparison of
FT-IR spectra of SWNTs before and after
radical addition shows that a new band ap-
pears between 2800-3000 cm™!. This band
is also found in the spectrum of LP and cor-
responds to the stretching of CH bonds in
the alkyl chain of LP. Therefore, the pres-
ence of this band in the spectrum of our
functionalized SWNT material is clear evi-
dence for the successful sidewall function-
alization of SWNTs. In general, functional-
ization of SWNTs by radical addition is a
relatively simple and also an efficient tech-
nique for attaching alkyl or aryl groups on-
to the sidewalls of SWNTs. Therefore it is
one of the most promising functionalization
techniques so far. Moreover, functionaliza-
tion with alkyl or ary! chains will allow ad-
ditional insertion of different functional
groups onto these chains. Hence, this ap-
proach will enable adjustable modification
of the chemical properties of SWNTs with
respect to the applications.

Lauroyl peroxide

SWNTs

SWNTSs + Lauroy] peroxige\/j\/\__

3300 3200 3100 3000 2900 2800 2700
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4, Composites

Composites based on carbon fibers
coated with polymer and/or ceramic have
found various applications historically
[37]. When the fibers are substituted by car-
bon nanotubes, composites with unique
mechanical properties are expected, which
can also provide many other applications
due to the extraordinary optical and electri-
cal properties mentioned above. Examples
can be found e.g. in electronic devices used
in batteries and sensors [38—40]. A large
variety of possible composite materials
using single-walled carbon nanotubes and
MWNTs combined either with different
polymers [41-43] or with organic com-
pounds have been prepared so far [44-50].
In particular, composites with a metal ma-
trix reinforced with carbon nanotubes are
expected to have unique mechanical prop-
erties [51]. By the formation of metal- or
polymer-based composites, two major
obstacles have to be overcome in order to
obtain a proper coating on the surface of
carbon nanotubes: (i) the wettability of the
carbon nanotube surface and (ii) the load
transfer from the matrix to the nanotubes.
Therefore, the nanotube surface has to be
‘clean’ and in particular free of amorphous
carbon at the initial stage of composite
preparation, since amorphous carbon can
affect or even hinder the interaction be-
tween the nanotube surface and the cover-
age material. Recently, we succeeded in
producing MWNTs with a homogeneous
coverage of various inorganic materials,
such as alumina, silica and titania [52][53].
For the preparation, MWNTs were synthe-
sized by catalytic CVD with a 5%
Co,Fe/CaCO, catalyst and purified with a
newly developed purification method [54].
Subsequently, composites were prepared
by impregnation of organometallic and in-
organic compounds as precursors. Our re-
sults suggest that an effective interfacial
bonding between carbon nanotube surface
and precursors is the most important issue
for the formation of MWNT-based com-
posites. In particular, the ionic character of
the coating material has to be taken into ac-
count. In the case of ‘raw’ MWNTS, im-~
pregnation with organometallic and non-
ionic inorganic compounds was successful,
whereas any treatment of MWNTs with
ionic surfactants was unfavorable for com-
posite formation. With ionic coatings such
as A1C13, the adsorbed layer of surfactant
promotes the coverage via ionic interaction
and, as can be seen in Fig. 5b, a homoge-
neous coverage of amorphous alumina can
be obtained with a thickness of about 3 nm.
Moreover, the sample is free of segregation
of precursor materials (Fig. 5a) and indi-
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Fig. 5. Transmission electron microscopy (TEM) images of alumina/
MWNT composite materials at (a) low magnification and (b) high resolu-
tion. The sample is free of segregation of alumina. The MWNTs are
homogeneously covered with an amorphous alumina layer with a thick-
ness of about 3 nm.

cates that the interaction between the nano-
tubes and the coating material is the most
predominant reaction.

5. Field Emission Devices

Field emission is one of the most prom-
ising applications for carbon nanotubes
[55]. The feasibility of cold electron emis-
sion from nanotube and nanotube arrays
was demonstrated in 1995 [56][57]. The
potential to use nanotubes as field emission
devices spurred efforts worldwide from
1998 on, when a first display as well as a
lighting element were presented. Various
devices as varied as single coherent elec-
trons sources for advanced microscopy
[58], high brightness luminescent elements
[59], gas discharge tubes [60], microwave
tubes [61] and flat panel displays [62][63]
have been demonstrated. One commercial
product incorporating a nanotube field
emission cathode, Oxford Instruments’
Horizon 600 portable X-Ray spectrometer,
has been commercially available since the
beginning of the year in the USA [64].

Although flat panel displays catch most
of the limelight as they represent the largest
potential market, simpler devices are cur-
rently under active investigation, especially
for lighting applications. Field emitters can
be used to produce light by bombarding a
phosphor-coated surface with electrons. As
an example, we have realized mercury-free
tubular elements based on the principle de-
picted in Fig. 6a. Nanotubes are deposited
by CVD on a wire that is placed in the cen-
ter of a glass tube. Electrons are emitted by
applying a potential difference between the
nanotubes and the conductive-plus-phos-
phor layer that covers the inner surface of
the glass tube, and produce light by bom-
barding the phosphor layer. To ensure a uni-

form light emission from the phosphor, the
cathode itself must be cylindrical, and the
problem of depositing field emitters on a
non-planar surface has prevented the real-
ization of such devices until 2001. We
could show that CVD [29] and CACVD
[65] allow nanotubes to be grown selec-
tively on rods and wires, as demonstrated
by the SEM micrograph of Fig. 6b.

CACVD is our preferred method for
this application as long wires can be homo-
geneously covered with nanotube emitters
[65]. It is furthermore possible to control
the growth and thereby optimize the emis-
sion properties (threshold field, emitter
density) through the deposition conditions
[32] as well as through a careful choice of
the catalyst [28][66].

The next step towards a functional de-
vice is a fully sealed prototype, which we
have very recently realized. The vacuum is
maintained by a non-evaporable getter in-
stead of vacuum pumps. The fully sealed
tube is shown in Fig. 6¢ under operation on
its portable high voltage power supply. The
power supply delivers a fixed 20 W of pow-
er at variable current and voltage, which
means that the optimum operating condi-
tions are in the upper third of the 0-7.5 kV
range of the power supply (typically 5 kV).
The tube starts instantly and can be contin-
uously dimmed, with good homogeneity
and high stability. The cathode emits
~1 mA/cm? under the conditions of Fig. 6¢
while carbon nanotube cathodes can sustain
values that are at least one order of magni-
tude higher [55]. Our device can therefore
reach far higher emitted intensities than the
one shown in Fig. 6c. Let us mention also
that the deposition of the emitters is carried
out as the last step before tube sealing,
which is a crucial advantage for a produc-
tion process and cannot be realized with
usual CVD techniques.
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6. Conclusion

Carbon nanotubes are currently under
consideration for a variety of applications.
We have demonstrated here that MWNTS
grown by a variety of CVD techniques pro-
vide novel approaches for three promising
possibilities. Nanotube functionalization
allows their assembly into fibers and to tune
their chemical reactivity. The realization of
composites, where nanotubes are homoge-
neously coated with a thin layer of alumina,
silica or titania, opens the door for the pro-
duction of nanoscale materials with novel
optical and electronic properties. Finally,
nanotubes can be directly deposited on long

wires that function as electron-emitting
cathodes in mercury-free luminescent
tubes.
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