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ABSTRACT

Polycrystalline Fe-doped alumina (Al,O3) ceramics have been produced and used as a sub-
strate for organized carbon nanotubes (CNTs) growth by catalytic chemical vapor deposi-
tion (CCVD). In these substrates, Fe** cations, which are the catalyst source, are initially
substituted to Al** in 0-Al,0s, instead of being simply deposited as a thin Fe layer on the
surface of the substrate. The selective reduction of these substrates resulted in in situ for-

mation of homogeneously distributed Fe nanoparticles forming patterns at nanometer-
scale steps and kinks. These nanoparticles then catalyzed the growth of high quality CNTs,
with some degree of organization thanks to their interaction with the topography of the

substrate.

Carbon nanotubes (CNTs) are good candidates for future
nanoelectronic devices owing to their unique properties [1].
However, the technological obstacle to expand their utiliza-
tion in electronics is the difficulty in growing CNTs directly
on a substrate by controlling their location and orientation.
One of the key issues to overcome this obstacle is precise
placement and size control of metal nanoparticles, which
act as catalysts for CNTs growth by CCVD, over the substrate.
Various lithographical methods have been investigated to
pattern catalysts [2]. However, the use of costly equipments
urges to develop simpler and more accessible techniques for
uniform and individual generation of catalytic nanoparticles.
CCVD growth of CNTs on ceramics, where the catalyst source
was mostly deposited as a continuous thin film on the sub-
strate surface, has been studied by several authors [3,4]. Ran-
domly oriented or aligned CNTs were produced over these
surfaces depending on the metallic film thickness, as well
as the substrate properties, such as surface morphology and

* Corresponding author: Fax: +90 222 3239501.
E-mail address: esuvaci@anadolu.edu.tr (E. Suvaci).

doi:10.1016/j.carbon.2012.02.034

degree of crystallinity. This letter reports a new substrate
for CNTs growth, polycrystalline Fe-doped Al,O; ceramic,
where the catalyst source (Fe** cations) is initially located as
substitution to Al** in a-Al,O3, instead of a continuous thin
Fe film deposited on the surface. When the sintered Fe-doped
Al,O5 substrate is subjected to GCVD, substitutional Fe** cat-
ions are first selectively reduced to metallic Fe atoms, which
then nucleate into clusters and end up as nanoparticles [5].
Since Fe*' cations are located at certain sites in Al,0s lattice,
homogeneously distributed Fe nanoparticles are in situ
achieved throughout the substrate surface, and preferentially
located at the steps and kinks. These surface nanoparticles
then react with a carbon source (CH,), and catalyze CNT
growth.

The Fe-doped Al,O; ceramic substrates were produced
from Fe-doped Al,O3; powders which were synthesized in the
form of solid solutions by combustion synthesis route [6].
These powders were shaped to form Fe-doped Al,03 ceramic



substrates by tape casting. The tape casting slurry consisted of
a-Al; gFey 2,03 powder with a specific surface area of 33 m?%/g,
an azeotropic mixture of methylethylketon (66 vol.%) and eth-
anol (34 vol.%) as solvent, sodiumtripolyphosphate (STPP) as
dispersant, polyvinylbutyral (PVB Butvar 76) as binder, and
polyethylene glycol (PEG 3000, Fluka, Steinheim, Switzerland)
and dibutylphthalate (DBP) as plasticizers. The slurry was pre-
pared by mixing the constituents in a ball mill for 21 h in total.
The prepared slurry was tape casted on a glass plate at a blade
height of 400 ym at a 30 cm/s casting speed. After drying at
ambient conditions for 30 min, the tape was cut and lami-
nated at 45 MPa and 70 °C for 10 min. After removal of organics
at 450 °C for 2 h, the samples were sintered at 1400-1600 °C for
2 h in air. The samples were then placed in alumina boats in
the middle of a CCVD chamber and reduced in H,-CH4 gas
mixture (82 mol% H, as reducing gas and 18 mol% CH, as car-
bon source) at 1000 °C with a heating and cooling rate of 5°/
min. No dwell time was applied [5]. After CCVD, the substrates
were characterized by field emission gun scanning electron
microscope (FEG-SEM, Jeol JSM 6700F) and Raman spectrome-
try (Dilor XY micro-Raman set-up with back-scattering geom-
etry, 1=632.82 nm). Moreover, to examine the distribution of
catalysts over the surface, the substrates were reduced in only
H, atmosphere at 1000 °C (as a control experiment, following
the same heating cycle as described above) and then observed
by FEG-SEM.

Fig. 1 shows the scanning electron microscopy (SEM)
images of the Fe-doped Al,O3 substrates, which were exposed
to 100% H, atmosphere at 1000 °C. These images revealed
in situ catalyst decoration over polycrystalline Fe-doped
Al,03 ceramics. The individual Fe nanoparticles are homoge-
neously distributed throughout the surface (Fig. 1a) and pref-
erentially located at nanometer-scale kinks (Fig. 1a) and steps
(Fig. 1b), which were formed during sintering of the ceramic.
These areas (steps and kinks) are energetically favorable for
Fe nanoparticles.

The Fe-doped Al,03 ceramic substrates, which were ex-
posed to CCVD in H,-CH, gas mixture [5] have been imaged
by FEG-SEM using a low acceleration voltage (1kV) and an
in-lens electron detector, revealing the growth details of CNTs
over these substrates (Fig. 2). Fig. 2a shows a huge contrast be-
tween the insulating substrate and the CNTs, which high-
lights the topography of the substrate such as steps (on this
SEM image, CNTs appear in white, while the insulating sub-

strate appears in black). This type of contrast was also ob-
served by Brintlinger et al. [7] and Homma et al. [8], who
demonstrated separately the imaging of nanotubes on insu-
lating substrates by scanning electron microscopy operated
at low acceleration voltage. Fig. 2a clearly shows CNTs orga-
nized along the steps of the ceramic substrate. It should be
noted that this contrast was not observed in all regions of
the substrates in the present study. This may arise from dif-
ferent orientation of each grain on the substrate surface,
since it affects electron beam-sample interaction.

Fig. 2b shows the randomly oriented CNTs over Fe-doped
Al,O5 substrate. The CNTs which are in contact with the sub-
strate appear darker and those which are not in contact ap-
pear brighter than the substrate. The CNTs yield is relatively
low with respect to the total number of catalytic nanoparti-
cles. This indicates that some of them were not active during
CNT growth. The variation in catalytic nanoparticle size may
arise from the variation of cluster formation kinetics depend-
ing on the substrate surface morphology and crystallographic
orientation of the grains. Terrado et al. [3] reported randomly
oriented MWCNT CCVD synthesis on catalyst film deposited
Al,05, while they achieved vertically aligned MWCNTs on
quartz substrates on the same experimental conditions, sug-
gesting that the substrate morphology and surface chemistry
may play an important role in the final CNT orientation. The
authors also suggested that high densities of catalytic nano-
particles (and consequently high amount of CNTs) were re-
quired in order to achieve well vertically aligned CNTs. They
proposed that at high temperatures, the catalysts which are
tens of nanometers in size may rapidly diffuse and coalesce
on the substrate forming bigger catalyst nanoparticles [3].
When nanoparticles are formed in situ at high temperature
in H,-CH4 atmosphere as in the present work, they become
rapidly covered by carbon which limits or inhibits their coa-
lescence and keep them at the appropriate size for growing
CNTs. Ward et al. [4] investigated the effects of various sub-
strates on the growth of CNTs and suggested that the degree
of substrate crystallinity and surface roughness had a strong
influence on nanotube formation. They grew randomly ori-
ented SWCNTs over thin Mo-Fe-Al film coated amorphous
Al,03, which provided high dispersion of Fe catalysts on the
substrate surface. However, they could not explain what
property of the substrate allowed for this high dispersion
[4]. It is interesting to compare the metal nanoparticles on

Fig. 1 - FEG-SEM images of the Fe-doped Al,O; ceramic substrates after reduction in H, atmosphere at 1000 °C. (a) SEM image
showing evenly distributed Fe nanoparticles throughout the surface and in the kinks. (b) High magnification SEM image
showing in situ formed catalyst patterns along the steps. The size of most particles is around 25-30 nm.



Fig. 2 - CNTs formation over Fe-doped Al,O; ceramics. (a) FEG-SEM image illustrating the contrast between the insulating
substrate and the CNTs (CNTs in white) and their organization along the steps. (b) FEG-SEM image of randomly oriented CNTs

bridging the grains in other areas.

Fig. 1 (obtained after simple reduction in H,) and on Fig. 3
(after air oxidation at 900 °C for 2h of the substrates after
CCVD growth of CNTs). Comparing Figs. 1 and 3, the high con-
trast which was visible in Fig. 2a is not observed any more on
Fig. 3, which confirms that it was indeed due to the presence
of CNTs (deliberately, completely burned on Fig. 3 after the
high-temperature oxidation treatment) and not to the
presence of the steps themselves. In the first case, the
diameter distribution of nanoparticles is rather monomodal
(25-30 nm). In the second case, we can clearly see two popu-
lations of nanoparticles, one being very similar to the parti-
cles on Fig. 1, and the other one being much smaller.

It is assumed that the smaller particles correspond to the
ones which catalyzed the growth of CNTs, because any coa-
lescence was then prevented as soon as the growth of a
CNT was initiated. As these nanoparticles are generated
in situ and the carbon source is available, the CNT growth
can be initiated as soon as the right conditions are gathered
(matching size between the diameter of the nanoparticle
and the CNT to be grown on it, adequate carbon concentra-
tion). The distribution of these suitable nanoparticles is ex-
pected to be homogeneous (random) at the surface of the
alumina substrate, as the nanoparticles are generated by
selective reduction of a solid solution. The other population
of larger nanoparticles corresponds to catalytically inactive
nanoparticles. This phenomenon was already observed in
the case of CNT-Fe-Al,0; powders obtained by a similar
CCVD process [9].

Fig. 4 shows the Raman spectra of polycrystalline Fe-doped
Al,03 ceramic substrate before and after the CCVD process.
Before the CCVD, the spectrum of the substrate shows only
the peaks belonging to the ceramic substrate. When the sub-
strate was subjected to the CCVD, so-called D-band (disorder
peak, ~1320 cm?) and G-band (tangential vibrations of sp?
carbon atoms, ~1575 cm™?) were detected in the Raman spec-
trum (Fig. 4a). The D-band to G-band intensity ratio (Ip/g) is
18% for this sample. An increasing Ip,c value is generally
attributed to the presence of more structural defects. There-
fore, the low Ip, ratio, achieved in this study, can be attributed
to high quality CNTs with low amount of undesired carbon
phases (carbon nanofibres or carbon nanorods and/or disorga-
nized carbon). The radial breathing mode (RBM) peaks, ob-
served in the low frequency region (115, 120, 132.7, 168.7 and
177.7 cm™?) of the spectrum (Fig. 4b), indicate that at least part
of the CNTs have only a few walls. Moreover, the splitting of
the G-band (Fig. 4a) can be attributed to the presence of
single-walled CNTs. The diameter distribution calculated
from the frequency of the RBM peaks [10] is ranging between
1.26 and 1.95nm. It must however be reminded that the
population of CNTs which can be investigated by Raman
spectroscopy strongly depends on the wavelength of the laser
used, so even if limitations occur for large diameters (and not
for small ones), the diameter distribution obtained by this
technique can only be used as an additional information.

In conclusion, polycrystalline Fe-doped Al,O; ceramics
have been shown as new potential ceramic substrates for

Fig. 3 - FEG-SEM images of the Fe-doped Al,0s ceramic substrates after CCVD followed by air oxidation at 900 °C (2 h) in order
to remove all carbon material. (a) Image showing evenly distributed Fe oxide nanoparticles throughout the surface. (b) High
magnification image showing the diameter distribution of the oxide nanoparticles as well as their localization.
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Fig. 4 - (a) Raman spectra of Fe-doped Al,O; ceramic substrate before and after CCVD. (b) Low frequency region of the spectra

focusing on the RBM peaks.

organized CNTs synthesis by CCVD. The in situ reduction of
substitutional Fe** cations leads to Fe nanoparticles preferen-
tially localized along the steps and kinks of the ceramic
surface which allows the growth of high quality organized
CNTs. This work opens new routes for uniform and individual
distribution of catalysts for synthesis of CNTs with a con-
trolled orientation at desired locations in a patterned form.
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