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We evaluate carbon nanotube growth by employing AlSi, TiSiN
and TiN as conductive catalyst supports. Using a wide range of
chemical vapour deposition conditions, we find that only AlSi
and TiSiN yield homogeneously-sized nanoparticles, which are
stable throughout both catalyst preparation and nanotube
synthesis processes. This favours the growth of forests with
area densities of the order of 1012 nanotubes cm�2. TiN, in

contrast, yield lower density forests in a very narrow window
process. The forests and the three screened catalyst supports
show ohmic conductivity. TiSiN, however, is the only
conductor that leads to the very robust growth process. This
suggests TiSiN is useful for applications requiring forest growth
on conductors and thus warrants further assessment for reducing
nanotube diameter and improving area density of the forests.
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1 Introduction Owing to their exceptional properties,
carbon nanotubes (CNTs) hold many potential applications
in various technologies [1–10]. Examples include inter-
connects in microelectronics, thermal management surfaces,
supercapacitors, energy storage, sensors and composites.
This has generated a great interest in researching the growth
of CNTs, especially on how to control the synthesis of
nanotube forests on surfaces [11–15]. The most studied
synthesis technique is chemical vapour deposition (CVD).
Partly, because CVD is the only growth method that ensures
scalability and controllability of nanotube properties.

Each of the envisaged applications of nanotubes demands
specific requirements and properties [7–10]. Such as nanotube-
based interconnects in microelectronics or heat sinks, which
require the tubes in the form of vertically-aligned forests and in
direct contact with conductive materials. This is to provide an
electrically conductive path through the nanotube support [7,
10]. Herein we concentrate on surface growth CNT CVD
aiming to control and to further understand the synthesis of
forests directly on a range of conductive supports.

Traditionally, nanotube forests are grown using metal
catalysts deposited onto oxide supports. Typical catalyst

materials include Ni, Co, Fe, and a combination of them, while
oxide supports include mainly Al2O3 and SiO2. The selection
of these catalyst supports is related to the surface properties of
metals. As oxides have lower surface energies than metals,
thin metallic films – deposited onto Al2O3 or SiO2 – easily
restructure into nanoparticles during catalyst pretreatment.
During catalyst pretreatment, usually by annealing in a
reducing atmosphere, the as-formed nanoparticles also undergo
reduction. This is an essential step as the particles are
catalytically active only in their purely metallic state. The
combination of Fe catalyst and Al2O3 support has proved
the best catalyst system to grow forests. This is because during
pretreatment, Fe and Al2O3 react at their interface [16]. In
reacting, oxygen bridges Fe and Al so that restructuring results
in small, homogeneously-sized catalyst nanoparticles. The
bridging is so strong that the particles tend to remain
immobilised during the whole process of nanotube growth,
thus leading to dense nanotube forests. However, the usage of
oxides like Al2O3 as catalyst supports, especially if the films are
continuous or thicker than �3nm, is detrimental to the overall
conductivity of nanotube forests and support underlayer [17],
and ultimately, unsuitable for use as interconnects or heat sinks.
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On the other hand, the growth of forests on conductors is
very challenging [18–22]. As metals and metal compounds
are high-surface-energy materials, it is much more difficult
to form and stabilise metallic nanoparticles for nanotube
growth. The difficulty stems from the tendency of metals to
alloy and inter-diffuse at typical CNT CVD conditions. Also,
the support can react with the processing gases degrading its
conductive properties. We and others have investigated a
number of alternative routes to grow CNT forests directly on
metals and/or metal compounds [23–28]. These routes
include use of plasma pretreatment prior to CNT CVD [15,
23, 24], use of Co-Mo co-catalyst [25], oxidation of the
topmost surface of the support [26], usage of metal silicides
as catalyst support [26, 27], employing of a sandwich-like
metal stack [28], or enlarging of the grain size of the support
material [26]. It is thus possible to grow nanotube forests
directly on conductors such as Ti, W, Ta, Cu, TiN or
silicides. Nevertheless, nanotube CVD on these materials
still remains less robust than on Al2O3. The process window
is, in general, very narrow and the growth easily leads to
poor or lateral growth, rather than nanotube vertical
alignment. We therefore need further exploring of materials
and processing conditions to benchmark new results against
the Al2O3/Fe system and so to achieve ultra-high area
density forests of (ideally single-walled) CNTs on con-
ductors. The ultimate goal of studying catalyst systems for
forest growth is to restructure thin metallic films into
catalytically active, homogeneously-sized nanoparticles and
immobilise them throughout the whole process of nanotube
growth [13].

Herein we compare catalyst formation and nanotube
growth on three conductive supports: AlSi, TiSiN and TiN.
It is of interest for microelectronics to choose materials
which are compatible with its manufacturing processing
and thus liable of eventual integration. The three chosen
materials are currently used, at some stage, in the production
of devices, so that it is worth exploring and comparing their
efficiency as catalyst support for nanotube growth. We
select AlSi as metal silicides have low surface energies and
have proved to yield nanotube forests [26, 27], TiSiN as it is
an efficient metal barrier [29, 30], and TiN as it can yield
large diameter nanotube forests under certain condi-
tions [26]. From the three materials, TiN is the catalyst
support most widely studied in CNT CVD. The growth
results on TiN vary dramatically depending on the TiN
preparation method, so they are useful for comparison to
AlSi and TiSiN. Our results show that, under certain
processing conditions, it is possible to grow forests on three
the materials. However, the nanotube diameter, area density
of the forests and process window are different in all cases.
Only AlSi and TiSiN favour the growth of stable, small-
diameter nanotubes; TiN yields large-diameter forests at
maximum 700 8C; very small size nanoparticles are stable
only on TiSiN which also yields the densest forests.
Altogether, this screening and comparison of materials
allows us to select the most promising candidate for further
studying of processing conditions.

2 Experimental details We use as substrate Si
coated with 200 nm of thermal SiO2, on which we deposit
(1) 50 nm AlSi formed by direct reaction between 25 nm of
poly-crystalline Si and 25 nm of sputtered Al, (2) 50 nm
TiSiN by sputtering and (3) 50 nm of TiN by sputtering.
Further details of silicidation and conditions for sputtering
can be found elsewhere [26]. All samples are exposed
to ambient, so could be coated with a native oxide. For
catalyst preparation, we evaporate simultaneously on the
three supports nominally 0.5, 1.0 or 5.0 nm of high-purity Fe.

For CNT growth, the samples are pretreated in a hot wall
CVD system (quartz furnace tube) at 600 to 800 8C in 1 bar
Ar:H2 (1000:500 sccm) for 5min. The samples are intro-
duced at room temperature (RT) and heated at a nominal
heating rate of 100 8Cmin�1. Immediately after reaching the
growth temperature, we introduce C2H2 (10 sccm) to the Ar:
H2 flow for 15min. After growth, the samples are cooled
down in a 1000 sccm Ar flow until reaching RT.

The morphology of the catalyst samples is characterised
by atomic force microscopy (AFM) and time-of-flight
secondary ion mass spectroscopy (TOF SIMS). CNTs are
characterised by scanning electron microscopy (SEM) and
transmission electron microscopy. The density and size of
the nanoparticles are estimated from AFM images using
imaging processing software. The densities of the forests are
obtained using the weight gain method. Electrical charac-
terisation is performed in a two-terminal Cascade probe
station set with a low bias condition (|V|< 0.05V) during all
measurements (as to avoid heating effects). The total
resistance of the samples is determined from the slopes of a
least squares fit to I–V response. For these measurements, we
partially mask the samples during catalyst deposition so that
each sample has an area uncovered of forests.

3 Growth and electrical results Figure 1 summa-
rises the growth results for the three conductive supports
evaluated here, (a) AlSi, (b) TiSiN and (c) TiN. For a direct
comparison, all samples are subject to the same pretreatment
and growth conditions. SEM inspections show that, at
700 8C, the three supports yield forests. On AlSi, Fig. 1(a),
we obtain an area density of �1011 CNTs cm�2. In general,
the forests are homogeneous over the samples. The inset in
Fig. 1(a) shows the tubes consist of mainly 3–4 walls, with
diameters averaging 6 nm. TiSiN also yields high-density
forests, Fig. 1(b). The tubes are better aligned than on AlSi.
The area density is as high as �1012 CNTs cm�2. The inset
in Fig. 1(b) indicates that the tubes are slightly smaller, and
consist of 2–4 walls, with diameters of �5 nm. On both
supports we employ 1 nm Fe as catalyst. The growth on TiN
is rather poor when using such thin films (not shown here),
but it yields forests when the Fe thickness is 5 nm, Fig. 1(c).
The tubes appear aligned and the area density is lower than
on AlSi or TiSiN, of the order of�1010 CNTs cm�2. Inset in
Fig. 1(c), shows the tubes are multi-walled with diameters
ranging between �6 and 9 nm.

In order to verify whether the forests produced on the
screened materials are potentially useful for applications in
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microelectronics, we carry out in air current–voltage
measurements using a two terminal probe station. Figure 1
(d) shows the I–V curves for forests grown at 700 8C. In all
cases, we observe Ohmic behaviour. The resistance values
are 2.6, 0.8 and 3.4 kV for AlSi, TiSiN and TiN respectively.
These values compare to previous measurements in the
group using similar set up [15]. For a reduction of overall
resistance further improvements are still necessary, e.g.
by increasing the area density of the tubes, reducing the
nanotube diameter, or contacting more walls per unit area.
We are currently dealing with CNT CVD on TiSiN, as it
shows the most promising figures in terms of nanotube
diameter, area density, and electrical response.

We then compare the growth at 800 8C, using 5 nm of
Fe catalyst. We select such a thick film as 1 nm Fe yields
no growth on TiN. We observe very different growth results,
for instance when comparing TiSiN and TiN, Fig. 2. While
TiSiN still yields dense forests, Fig. 2(a), TiN shows very
poor growth with defective, unaligned tubes, Fig. 2(b).
The tube density is very low. This indicates lower catalyst
efficiency and suggests Fe diffusion into the TiN underneath,
even with increasing the temperature by just 100 8C.

4 Nanoparticle formation The catalyst topography
and stability throughout the catalyst formation and growth
processes impacts dramatically on the nucleation, growth
and morphology of the resulting CNTs. We observe the

Figure 1 (a)–(c) CNT growth at 700 8C using AlSi, TiSiN and
TiN, respectively, as catalyst supports. (d) I–V curves obtained on
these forests.

Figure 2 CNT growth at 800 8C using (a) TiSiN and (b) TiN
catalyst supports. The poor growth on (b) suggests a strong
diffusion of Fe.
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formation of high density nanoparticles in temperatures
ranging between 600 and 700 8C. AlSi and TiSiN samples
yield high-density, homogeneously-sized nanoparticles, as
shown in Fig. 3(a) and (b). SEM analysis shows that AlSi
presents a nanoparticle lateral size distribution of 7.2� 0.4 nm
and a nanoparticle number density of (1.3� 0.6)� 1011 cm�2,
whereas TiSiN presents a nanoparticle lateral size distribution
of 6.6� 0.3 nm and a nanoparticle number density of
(1.4� 0.4)� 1011 cm�2. This compares to TiN. For 5 nm Fe
and same pretreatment conditions, TiN yields particles of
9.3þ 1.1 nm and a nanoparticle number density of about
(6.1� 0.7)� 1010 cm�2 (not shown here).

At 800 8C, the restructuring of Fe into nanoparticles
depends very much on the type of support. We compare the
restructuring of 5 nm Fe. While AlSi and TiSiN show
minimal changes on nanoparticle size or density, TiN shows
much lower number densities and various size particles. Fe
diffusion into the bulk of TiN appears to be more very
evident, Fig. 4(a). Conversely on TiSiN, the particles are
homogeneous and appear to be much denser, Fig. 4(b). This
suggests a strong Fe diffusion into the bulk of TiN, but not
into TiSiN.

By TOF-SIMS on both of samples after annealing, we
confirm a negligible Fe diffusion into the TiSiN bulk, but a
dramatic diffusion of Fe into TiN (not shown here). This is in
agreement with previous results on this material [26]. SIMS
results prove that TiSiN effectively acts as a diffusion barrier

against catalyst diffusion and in a wide range of processing
conditions. A complete study will be reported elsewhere.

5 Conclusions In summary we have studied the
growth of CNTs on AlSi, TiSiN and TiN conductive
catalyst supports. We have found that only AlSi and TiSiN
yield small-size nanoparticles which are stable throughout
catalyst preparation and nanotube synthesis. This favours the
growth of nanotubes forests with area densities of the order
of 1012 CNT cm�2. These results compare to the growth on
TiN which also yields forests, but in a very narrow window
process. The forests and the three-screened supports show
ohmic conductivity. Since TiSiN leads to the most
robust growth process, we suggest it might be useful for
applications requiring forest growth on conductors. We are
further assessing more catalyst systems and processing
conditions aiming to reduce nanotube diameter and thus to
improve the area density of the forests on TiSiN and the
overall electrical response.
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