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Imad Ibrahim*,1,2, Alicja Bachmatiuk1, Mark H. Rümmeli1, Ulrike Wolff1, Alexey Popov1, Olga Boltalina3,
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Here, we report the growth of homogenously horizontally

aligned single wall carbon nanotubes on stable temperature cut

single crystal quartz using chemical vapor deposition with

controllable yield and length from binary metallic mixtures as

well as fullerene derivatives. We manage the yield and length of

the as-grown tubes on stable temperature cut single crystal

quartz by controlling the surface roughness of the support

substrates by thermal treatment in air. Carbon caps derived from

pre-treated fullerenes are also explored for their potential to

nucleate growth of single wall carbon nanotubes without the

need of a catalyst particle. Exohedrally functionalized full-

erenes are apparently better nucleators than C60 fullerenes.
Yield of the as-grown single wall carbon nanotubes on

thermally annealed ST-quartz substrates.
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Spatial control and yield of horizon-
tally aligned single wall carbon nanotubes (SWCNTs) [1, 2]
in combination with attractive physical and electronic
properties for SWCNTs make them promising candidates
for next generation nanoelectronics [3, 4]. Chemical vapor
deposition (CVD) is often used for the growth of horizontally
aligned SWCNTs. Depending on the synthesis parameters
and the choice of substrate (e.g., stable temperature (ST)-cut
single crystal quartz substrates which have a (0111) crystal-
lographic plane with their surface normal lying close to 388
from the y axis ([010])) different yields, and alignment
directions can be obtained [5–7]. In one approach, different
metallic catalyst nanoparticles or mixtures of metals are used
to nucleate the growth of the CNTs in a single or successive
CVD process in order to increase the yield of the grown
tubes [7–9]. Another technique involves pre-annealing of the
catalyst support [10, 11]. However, the procedure is not well
understood. Here, we explore increasing the yield of as-
grown SWCNTs by the thermal annealing of ST-cut quartz
supports in a controllable manner prior to the CVD process.
Our findings show that the thermal annealing affects the
substrates’ surface roughness which in turn affects the size
distribution of the formed metallic catalyst nanoparticles
residing on the substrates. As a result, the surface roughness
and the catalyst size distribution affect the yield of the grown
SWCNTs on the annealed substrates. Growth of metal-
catalyst-free SWCNTs nucleated from fullerene derivatives
is also shown. These tubes overcome the negative effect of
metal catalyst diffusion when using SWCNTs as a building
block for electronic devices. Our results show that modified
fullerenes (with exohedral fluorine atoms) lead to higher
yields of grown SWCNTs than obtained with pure C60.
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Experimental part
2.1 ST-cut quartz substrates thermal anneal-

ing Stable temperature (ST)-cut single crystal quartz
polished wafers of 10 cm diameter, 0.5 mm thickness with
an angle cut of 388000 (Hoffman Materials, LLC) were cut
into square small pieces (5 mm� 5 mm). These substrates
were subjected to thermal annealing in air under atmospheric
pressure at 750 8C for different periods in the range of 10 min
until 48 h.

2.2 Growth of catalyst-assisted SWCNTs Binary
metallic catalyst systems consisting of different ratios of Fe
and Co drop coated on the annealed ST-cut quartz substrates
were used for the growth of SWCNTs. The mixtures were
prepared from ferrocene (Sigma Aldrich, �98%) and cobalt
(II) phthalocyanin (Fluka Chemie, >97%) with a total
concentration of 0.01%. In order to characterize the formed
catalyst nanoparticles on the annealed substrates, the
catalyst-loaded substrates were heated in a 1 inch quartz
tube in 0.1 LPM (Litre per Minute, 1/min) flow of H2 toward
950 8C, then the power was turned off and the catalyst-loaded
substrates cooled naturally in a H2 environment. Later, the
formed catalysts height was measured with atomic force
microscopy (AFM from Digital instruments DI 3100)
performed in tapping mode. The catalyst was also prepared
in the same manner for the growth of SWCNTs, and heated in
H2 flow of 0.1 LPM toward 950 8C, after reaching this
temperature, the H2 flow rate was reduced to 0.013 LPM and
methane was introduced with a flow rate of 1.12 LPM, after
15 min the gas flow stopped and the reactor was evacuated
with a membrane pump while the oven cooled down to room
temperature.

2.3 Growth of catalyst-free SWCNTs Fullerene-
based structures including C60 and fluorofullerene C60F18

were used to nucleate the growth of CNTs. The growth
process was based on a procedure introduced elsewhere [12].
Firstly, fullerene-based structures were dispersed in toluene
and drop coated on annealed ST-cut quartz substrates for 15 h
at 750 8C (as these have the smoothest surfaces). Nucleation
caps are formed from these dispersed fullerene-based
structures upon heating in air under atmospheric pressure
Figure 1 (online color at: www.pss-b.com) Taping mode AFM
images for the ST-cut quartz substrates exposed to different thermal
annealing (a) 5 h, (b) 15 h and (c) 24 h, (d) annealed ST-cut quartz
substrates surface roughness time dependence.

� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
for 1 h at different temperatures in the range of 400–500 8C
and then cleaned from any amorphous carbon by introducing
Ar (0.17 LPM) gas bubbles through water while the oven
temperature is 900 8C. Then the caps were activated by
removing the functional groups from them with introducing
H2 with flow rate of 0.76 LPM for 3 min while the oven
temperature is 900 8C. CNTs were grown in a mixture of Ar
(0.1 LPM) bubbles through ethanol and H2 (0.2 LPM) for
20 min at atmospheric pressure and 900 8C.

Fullerene-nucleated SWCNTs are more attractive and
promising for future nanoelectronics since no metal catalyst
is required, although growth of catalyst-assisted CNTs are
easier, since producing open cap from fullerene-structures is
more difficult than activation the catalyst nanoparticles.

3 Results
3.1 Morphological characterization of thermally

annealed ST-cut quartz substrates ST-cut quartz
substrates were annealed in air at 750 8C for different
periods between 10 min and 48 h. Figure 1a–c shows typical
surface topography for the various annealed substrates.
It is shown that for short annealing periods the surface
remains rough with narrow shallow pits. Gradually the
surface gets smoother with increased annealing going
through a minimum after which the surface gets rough again
with deep, broad and regular pits. The optimum annealing
period for smooth substrate surfaces is ca. 15 h. The plot in
Fig. 1d confirms that the substrates annealed for 15 h are
the smoothest with lowest surface average roughness, while
other annealed substrates for longer or shorter periods
are rougher.

3.2 Size distribution of the formed metallic
catalyst The size distribution for the metallic catalyst from
different mixtures formed on the annealed substrates for
different periods is shown in Fig. 2. Generally, the mean size
of the formed nanoparticles increases and the size distri-
bution broadens as the annealing period is extended. This
may be related to the surface morphology [13] where shallow
narrow pits in the surface lead to small catalyst nanoparticles
formed on the short period-annealed substrates, whereas
Figure 2 (onlinecolorat:www.pss-b.com)Sizeanalysisof formed
binary metallic catalyst on annealed ST-cut quartz substrates
thermally treated in H2 flow.
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Figure 3 Yield of the binary metallic catalyst-assisted as-grown
CNTs on thermally annealed ST-quartz substrates (a) 10 min,
(b) 15 h, and (c) 48 h.

Figure 5 (online color at: www.pss-b.com) (a) AFM taping mode
image for the as-grown SWCNTs, (b) TEM micrograph shows
SWCNT from the grown tubes transferred to a TEM cupper grid,
and (c) typical Raman signal for the as-grown SWCNTs on ST-cut
quartz substrates from a metallic mixture of Fe:Co with a ratio 1:2.
deep broad pits on the long period-annealed substrates

related to large catalyst nanoparticles. Our findings show no
observable effect with different metallic mixtures which is in
agreement with other studies [9].

3.3 As-grown metall ic-catalyst-assisted
SWCNTs Carbon nanotubes (CNTs) were grown on ST-
cut quartz substrates subjected to various thermal annealing
for different periods from different catalyst mixtures.
Figure 3 shows typical SEM images for the as-grown
CNTs which show that the highest possible CNTs yield is on
the substrates annealed for 15 h which have the smoothest
surfaces. It is not only the yield of the grown tubes which is
affected, but also their length. The average length of tubes
grown on the smoothest surfaces is larger than 100mm, while
those grown on rough surfaces range between 20 and 60mm
in most cases. AFM was implemented to determine the
diameter (height) distribution of the tubes/bundles. The
height distribution of the CNTs grown on ST-cut quartz
substrates from different metallic catalyst ratios is shown in
Fig. 4. The data reveal the tubes diameter (or bundles) is
between 0.8 and 1.7 nm with no dependency on neither the
thermal annealing period nor the catalyst mixtures ratio [9].
Moreover, no effect on yield is observed between the
different catalyst mixtures explored.

The grown tubes were also characterized by TEM as well
as Raman spectroscopy. The results are shown in Fig. 5. The
presence of a strong and narrow G mode (tangential phonon
modes), high G/D ratio (crystallinity) and the well-known
Figure 4 (online color at: www.pss-b.com) Height distribution of
the binary metallic catalyst-assisted as-grown CNTs over annealed
ST-cut quartz substrates.

www.pss-b.com
RBM (radial breathing modes) modes suggest that the
grown tubes are SWCNTs [14]. Data from TEM studies
confirm that the samples consist homogenously of SWCNTs.

3.4 As-grown catalyst-free SWCNTs C60 and
fluorofullerene C60F18 were also explored for their potential
to nucleate the growth of CNTs on ST-cut quartz substrates
in a modified CVD process similar to that described
elsewhere [12]. An initial thermal oxidation in air
followed by a cleaning process to remove the amorphous
carbon using water vapor and finally activation of the opened
caps in an H2 environment was performed prior to the
CVD reaction. Thereafter the CVD reaction is applied.
The results from the samples prepared showed higher
yields of SWNT are obtained from fluorofullerene oxidized
at lower temperature (450 8C) than C60 which required
oxidation at higher temperatures (500 8C) as shown in Fig. 6.
C60 fullerenes showed a yield dependence with oxidation
temperature, increasing with temperature, in agreement with
Yu et al. [12].
Figure 6 (online color at: www.pss-b.com) SEM images for the
SWCNTs nucleated form fluorofullerene where the thermal oxida-
tion temperature was (a) 400 8C, (b) 450 8C, and (c) 500 8C. SEM
images for the SWCNTs nucleated form fullerene using thermal
oxidationtemperature(d)450 8Cand(e)500 8C.(f)AFMimageofan
individual as-grown SWCNT on annealed ST-cut quartz nucleated
from fluorofullerene C60F18 thermally oxidized at 450 8C (inset:
height profile for the shown SWCNT). (g) Typical Raman signal for
the as-grown SWCNTs on annealed ST-cut quartz substrate
nucleated from pretreated-fullerenes (75 min in air at 450 8C).

� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 Discussion
4.1 ST-cut quartz substrates surface roughness

effect on the catalyst-assisted SWCNTs growth One
possible reason behind the thermal annealing effect is
that; ST-cut quartz substrates gain energy at elevated
temperatures, which forces the surface atoms to rearrange
themselves towards a new energy minimum [15]. Some
surface atoms escape due to the extra gained energy. The
process of surface atom rearrangement and atoms escaping
decreases the surface roughness after a specific period of
annealing, which is 15 h under our experimental conditions.
Further annealing in air causes extra energy transfer to the
substrate leading to bond breakage and atom displacement
[16], which causes the substrate surface to become rough
again [17]. The surface morphology affects the size of the
formed metallic catalyst nanoparticles and hence they will
depend on the annealing process. As a general trend a
broadening of the nanoparticles size distribution is observed
as the annealing period increases. In the CVD process, where
the temperature is 950 8C, those particles melt and break up
into smaller ones which later will nucleate the SWCNTs
growth [18, 19]. This process is easier on smooth surfaces
than on rough surfaces where the nanoparticles are trapped
within the pits hindering successful tube nucleation. In other
words the particles are required to break up into smaller
particles to nucleate the CNT. At elevated temperatures, as in
the case of our CVD reaction, quartz substrates adopt the
ß-phase, where the surface atoms preferentially align in the
x-direction ([100]) producing channels [10]. It is believed
that the SWCNTs will later grow with directional preference
along such channels. It is more likely that those channels
are long and well-aligned in the case of smooth surfaces,
which leads to the growth of long, dense and well-aligned
SWCNTs. Rough surfaces disturb the aligned growth
process.

4.2 Fullerene-based structures nucleated
growth of SWCNTs Growing SWCNTs from fullerene-
based structures requires they be opened first. This was
achieved by thermally oxidizing them in air for 1 h. It was
possible to grow a higher yield of SWCNTs from
fluorofullerene (oxidized at 450 8C) as compared to C60.
C60 fullerenes required higher oxidation temperatures to
grow SWCNTs. This is presumably because the fluorine
atoms bonded to the adjacent carbon atoms of the fullerene
cage enforce dramatic elongation of C–C bonds, which
therefore break more easily [20, 21].

5 Conclusion We have shown that thermal annealing
of ST-cut quartz substrates in air affects the surface
morphology. Competing mechanisms occur so that a
minimum surface roughness occurs after 15 h annealing at
750 8C. The greatest yields and lengths of SWCNT are
obtained with these optimized annealed substrates. We also
explore fullerenes as an alternative to metal catalyst grow
SWCNT. Exohedrally functionalized fluorofullerenes are
� 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
apparently better to nucleate SWCNT since they are more
readily opened as initial nucleation caps for SWCNT growth.
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