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Abstract

Catalyst films undergo considerable surface morphology restructuring prior to carbon nanotube nucleation, deeply influencing the

nanostructures obtained. Here we study the influence of different gaseous atmospheres on the structure of thin Fe films. The morphology

is influenced by process temperature and substrate interactions and varying the gas type and pressure can control the average catalyst

island height.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon nanotubes (CNTs) are a driving force for
current advances in nanotechnology, both on an applied
and fundamental level. The ability to control catalyst size
and shape are key factors for CNT diameter control [1].
For this, different approaches exist to prepare small
isolated catalyst particles, each tailored for different
growth methods. In case of surface-bound chemical vapour
deposition CNT growth, metallic thin films [2–4] and
nanoparticles [5–7] are typically used. However, the high
temperatures used during growth, cause the catalyst films
to restructure and nanoparticles to merge, thus modifying
the final CNT diameter distribution [8]. Indeed, the
catalyst’s surface morphology before the introduction of
the carbon precursor is different than prior to heating it,
and its modification can mean the difference between
producing carbon fibres or single-wall CNTs (SWNTs) [9].
The nature of the catalyst surface is also crucial during
CNT growth, especially at low temperatures, where surface
diffusion is the predominant mechanism [9–11].
e front matter r 2006 Elsevier B.V. All rights reserved.
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Here we consider thin catalyst films, and examine, by
atomic force microscopy (AFM), their behaviour under
different atmospheric pre-growth treatments, in conditions
similar to those found prior to CNT growth in both cold-
wall and furnace chemical vapour deposition (CVD)
chambers.
2. Experimental

High purity Fe thin films were deposited by thermal
evaporation on polished boron doped (1 0 0) silicon wafers
covered by �50 nm of thermally grown SiO2. The oxide
layer helps prevent the formation of iron silicides, which
otherwise would readily form during thermal annealing
through pinholes of the native oxide [12,13]. The evapora-
tion rate was kept below 1 Å/s at a base pressure of
o10�6mbar. The film thickness is monitored in situ by a
quartz crystal microbalance, and calibrated ex situ by
AFM (Veeco Explorer) and spectroscopic ellipsometry
(J. A. Woollam Co., M-2000 V).
Thermal annealing of the iron thin films was performed

in two different setups, representative of the diverse
conditions present just prior to the introduction of the
carbon precursor gas and, hence, prior to CNT growth.
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Annealing in reduced pressure was carried out in a stainless
steel diffusion pumped CVD chamber (base pressure
o10�6mbar), on a resistively heated graphite stage. The
temperature was ramped at a speed of 50 1C/min in
different gases and pressures and kept at the chosen value
for 15min, after which the sample was cooled down in
vacuum. The annealing experiments performed at atmo-
spheric pressure were instead carried out in a quartz tube
furnace. Here the temperature was ramped up at a speed of
20 1C/min and kept at the chosen value for 1min.

In both cases, the as grown films were loaded in air and
after annealing they were analysed ex situ in ambient
conditions, and hence include the effect of oxidation [14].
AFM measurements were performed in tapping mode with
etched silicon probes with a tip radius of curvature
o10 nm. The AFM tips were frequently changed to
exclude the effects of tip wear.

3. Results

Thin metal films nucleate in different modes when
deposited, depending on their interaction with the sub-
strate [15]. Strong interactions cause the metal film to
‘‘wet’’ the substrate resulting in layer-by-layer growth
mode (Frank-van der Merwe mode [15]) or in islands-on-
layer growth (Stranski-Krastanow mode), depending on
whether the top layers of the film coalesce into islands to
minimize residual strain. On the other hand, weak
interactions between metal and substrate result in island
nucleation and growth (Volmer-Weber mode), without a
surface-wetting layer. For example, Fe grows on SiO2 in
Volmer-Weber mode, since the heat of formation of its
oxides (�133.1 to �164.5 kJ/g atom) is higher than that of
SiO2 (�286.7 kJ/g atom), and ultra-thin layers thus consist
of isolated islands [16]. As the growing layer thickens the
thin film becomes continuous.

If the thin metal film is heated, the mobility of its atoms
increases, and the film coarsens and islands coalesce by
Ostwald ripening or surface migration, driven by a
complex mechanism that minimizes surface energy and/or
Fig. 1. AFM topography and line profiles of Fe thin films 0.5, 1 and 2 nm thick

(bottom).
the free energy of the substrate/metal interface [17–19].
This is strongly dependent on the type of metal, the type of
substrate and the annealing environment. The temperature
at which metal atoms become mobile and coarsening
effects are measurable may be significantly lower than the
bulk melting temperature. As a rule of thumb, the Tamman
and Huetting temperatures are defined as 0.5 and 0.3 times
the melting temperature in Kelvin, and represent the
temperatures at which the atoms become mobile in the
bulk and at defects, respectively [20]. Therefore, even
though Fe melts at 1535 1C, coarsening effects may appear
at temperatures as low as 269 1C, although this temperature
can be even lower depending on the substrate interactions,
size-corrected melting points and the annealing atmosphere
[21–23]. For example, Erlandsson et al. [24,25] reported
significant restructuring of 0.5 nm thick Pd films (melting
and Huetting temperatures of 1554 and 275 1C, respec-
tively) at 200 1C when subject to cyclic exposure to O2

and H2.
Fig. 1 shows AFM scans of increasingly thicker Fe films

as-deposited and after an anneal at 500 1C in H2 at
100mbar. The as-deposited films are relatively smooth but
appear discontinuous within the limitations of the AFM
and size of tip. The samples annealed in hydrogen are
considerably different than the as-deposited samples: Fe
agglomerates into discrete islands, which are higher with
increasing film thickness. This shows how even a very thin
film can agglomerate into islands that are too big to
nucleate SWNTs, however, as shown below, the appro-
priate catalyst film pre-treatment can yield a nanostruc-
tured film with islands capable of nucleating SWNTs [9].
Fig. 2 shows the effects of annealing Fe thin films in

vacuum or in different atmospheres at a constant pressure
of 0.7mbar and temperature of 500 1C. As expected,
thicker films always result in bigger island sizes, however,
there is considerable variation in the resulting surface
morphology with respect to different annealing atmo-
spheres. Annealing in vacuum yields the highest average
island sizes, explaining why generally no CNT growth is
obtained when exposed to a carbon precursor gas [26].
(left to right), as deposited (top) and annealed at 500 1C in H2 at 100mbar
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Fig. 2. AFM topography and line profiles of Fe thin films 0.5 and 2 nm thick (left to right), as deposited (top) and annealed at 5001C in vacuum (2nd line,

profile for 0.5 nm film multiplied by 10 for clarity), in Ar at 0.7mbar (3rd line), in H2 at 0.7mbar (4th line), and in NH3 at 0.7mbar (bottom, data for 0.3

and 2 nm).
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The films annealed in Ar, H2 and NH3 result in increasingly
smaller average island height, with NH3 being the
most effective at restructuring the thin film for SWNT
growth. NH3 or H2 can reduce oxidized Fe, increasing the
surface mobility [27]. Indeed, if the metal strongly in-
teracts with an oxygen-containing substrate or it is oxidized
itself, its mobility will be lowered [21]. The reduction
of an oxidized metal can also occur following the
catalytic decomposition of a hydrogenated carbon pre-
cursor [21]. Adsorbed gases also play a role in modifying
the mobility of the metal atoms by modifying surface
energies and hence affect the catalyst surface reconstruc-
tion [28].
Fig. 3 demonstrates how varying the Fe thin film
annealing gas pressure can affect the resulting average
island height. In general, higher pressures result in lower
island heights and narrower island distribution. This can be
due to the increase of the interaction between gas and
metal, enhancing the effect of the gas. Table 1 contains the
island height statistics of all the conditions tested and
summarizes the results.

4. Conclusions

The gas type and pressure is found to deeply influence
the catalyst morphology. Higher gas pressures are found to
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Fig. 3. AFM topography and line profiles of Fe thin films 0.5 thick annealed at 500 1C in Ar (top) and H2 (bottom), at 100mbar (left) and in the furnace

system (1000mbar, right).

Table 1

Average Fe island height and standard deviation prior to and after annealing at 500 1C

Gas Type Pressure (mbar) 0.5 nm film 1nm film 2 nm film

As Deposited — 1.170.7 0.770.2 0.670.2

Vacuum 10�6 7.573.6 37.478.8 94.6722.0

Ar 0.7 4.272.3 5.275.4 15.1717.0

Ar 100 1.170.4 1.370.5 1.070.5

Ar 1000 0.470.2 0.470.3 0.570.3

H2 0.7 3.871.0 4.473.4 6.473.0

H2 100 6.872.6 8.874.9 7.272.7

H2 1000 1.470.4 2.771.2 7.773.1

NH3 0.7 1.170.5� 4.872.7 6.572.1

Air 1000 0.470.2 0.470.2 0.670.4

Data obtained on 500� 500nm2 scans.
�Data for 0.3 nm film.
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be more effective at restructuring the catalyst thin film,
yielding catalyst island heights suitable for SWNT growth.
Non-reducing environments and interfacial oxygen can
help prevent extensive sintering. The detailed investigation
of the catalyst’s behaviour prior to growth is helpful in
explaining its influence on the carbon nanostructures
obtained, and it can be extended to nanowire synthesis.
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