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ARTICLE INFO ABSTRACT

Article history: A rational approach is reported for the growth of single-walled carbon nanotubes
(SWCNTs) with controlled diameters using SiO, nanoparticles in a chemical vapor deposi-
tion system. The SiO, nanoparticles with different sizes were prepared by thermal oxida-

tion of 3-aminopropyltriethoxysilane (APTES) with different number of layers which were
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assembled on Si substrates. It was found that the size of SiO, nanoparticles increased with
the number of assembled APTES layers. Using these SiO, nanoparticles as nucleation cen-
ters, the diameter distribution of as-grown SWCNTSs were correlated with the size of SiO,
particles. In addition, both the classical longitudinal optical or transverse optical bands
of SiC in in situ Raman spectra during the whole growth process and the Si 2p peak of
SiC in the X-ray photoelectron spectra were not observed, suggesting that the carbon
sources did not react with the SiO, nanoparticles during the growth. Comparing to
vapor-liquid-solid mechanism for metallic catalysts, vapor-solid mechanism is proposed
which results in a lower growth rate when using SiO, nanoparticles as nucleation centers.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction Growth of SWCNTs with controlled structures and specif-

ically with controlled chiralities is still in its infancy, although

Single-walled carbon nanotubes (SWCNTs) have been re-
garded as one of the best candidates for future applications
in many fields, such as nanoelectronics [1], thin-film materi-
als [2], and sensor devices [3-5] due to their unique structures
and superior electrical properties [6]. However, almost all cur-
rently available technologies for SWCNT growth, including
arc discharge, laser ablation and catalytic chemical vapor
deposition (CVD), can only produce mixtures of SWCNTs with
a range of (n, m) indices [7], which is a large limitation for the
application of SWCNTs. Therefore, how to grow SWCNTs with
well-controlled structures is highly desirable for both funda-
mental research and practical applications.
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many papers have been published on this subject. Recently,
much progress has been made towards growing SWCNTSs
with controlled diameters, conductive property or chirality
[8]. Most of these works were based on the metallic catalytic
CVD growth and the growth process complied with the classi-
cal vapor-liquid-solid (VLS) mechanism, which was similar to
semiconducting nanowire growth [9]. In VLS growth process,
the structure of SWCNT, especially the chirality of SWCNT is
mostly determined by the initially formed cap structure
around the surface of metal catalyst. However, it is difficult
to control the cap structure by controlling the structure of
metal catalysts at high temperature in CVD system [10]. It is
more reasonable to reduce the diameter distribution of
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SWCNTs than to control the chirality of SWCNTs by VLS
mechanism. Meanwhile, it is a great challenge to completely
remove the residual catalyst in metallic catalytic growth
process, which could severely limit the application of
SWCNTs in many fields [1,3,8].

In order to resolve problem of the residual metallic cata-
lysts, some semiconductive nanoparticles, such as SiC, Si
and Ge have been used to grow SWCNTs [11]. Moreover, these
non-metallic nanoparticles also allowed for growth of
SWCNTs with controlled structures. For example, the hexag-
onal silicon carbide could be used to grow SWCNTs with a
narrow diameter distribution at the temperature above
1500 °C [12].

Itis well known that the CVD system is a very complex pro-
cess, and the diameter distribution of SWCNTs is influenced
by many factors, such as growth temperature [13], gas flow
rate [14], category of carbon source [15], type and size of the
catalyst [16,17] and chamber pressure [18]. In metallic catalytic
CVD growth process, the metal nanoparticles act as the nucle-
ation centers for SWCNT growth [14] and thus there is a rela-
tionship between the catalyst size and SWCNT diameter. In
our previous work, we found the diameters of SWCNTs grown
from the single metallic nanoparticles could also be modu-
lated by temperature [13]. Now there are also some works fo-
cused on trying to control SWCNT structure in terms of the
nanoparticle topology. Some easily-removed mesoporous
materials acted as templates to restrict the catalyst particle
size [19-22]. In addition, the pre-treatment [23] and composi-
tions of metal catalysts [16,24] were also investigated in order
to modulate the SWCNT diameter. Depending on these meth-
ods SWCNTs with a narrow diameter distribution were pro-
duced [25,26], but it was still difficult to exactly control the
SWCNT diameter, not to mention the desired (n, m) indices.

As mentioned above, the cap formed at the metal particle
surface was stochastic due to inevitable thermal fluctuation
during SWCNT growth. If so, we could attempt to control the
structures of growing SWCNTs by taking advantage of the
existed cap molecule or employing non-metal element with
high melting point as the nucleation centers. In this way, the
naturally deformed catalyst in liquid phase was avoided at
the high growth temperature.

In our previous work, using the concept of SWCNT cloning,
we developed a way to engineer the cap for SWCNT growth
with controlled chirality. The open-end carbon structures,
i.e., an existing SWCNT [27] or opened fullerene [28] were di-
rectly used as seeds to grow SWCNTs by open-end growth
mode without introducing transition metal catalysts. Using
the existing caps, the chirality of grown SWCNTs could be
effectively controlled. However, the cloning growth efficiency
was very low.

Last year, several groups sequentially reported that the
deposited SiO, film [29] or scratched SiO, substrate can be suc-
cessfully used to grow SWCNTs [30], which was a significant
advancement in the field of SWCNT growth [31]. However,
the growth velocity by metal-catalyst-free CVD processes
was less than 10 nm/s, which was about 300 times slower than
that with commonly used Co catalyst [32]. Due to their high
melting point, it is generally assumed that the SiO, nanoparti-
cles still remain in a solid state rather than melted state at the
CNT growth temperature of 800-1000 °C. Furthermore, the cap

structures and diameters of further formed SWCNTSs can be
easily controlled by using the special morphological SiO,
nanoparticles as nucleation centers, meanwhile the adverse
influences of residual metallic catalyst were excluded for the
further application of SWCNTs. However the relationship be-
tween SiO, particle size and SWCNT diameter and the growth
mechanism are still not resolved.

In the present study, we report a rational approach for
the growth of SWCNTs with controlled diameters using
SiO, nanoparticles of various sizes as nucleation centers. It
was found that the SiO, nanoparticles ranged from 1.22 to
1.98 nm could be obtained by thermal oxidation of 3-amino-
propyltriethoxysilane (APTES) with different number of
assembled layers. Using these nanoparticles as nucleation
centers, SWCNTs with diameters from 0.90 to 1.82 nm could
be grown by ethanol-CVD, which indicated a direct relation-
ship between SWCNT diameter and SiO, nanoparticle size.
By in situ resonance Raman spectroscopy and X-ray photo-
electron spectroscopy (XPS), we can prove that spherical
SiO, nanoparticles did not transform into SiC while just
played a role of nucleation centers during SWCNT growth.
In this way, we suggest that the SWCNT growth process in
our system follows vapor solid (VS) mechanism with a lower
growth velocity. We believe that the obtained SWCNTs with
controlled diameters by SiO, nanoparticles could facilitate
their further application in more fields.

2. Experimental section
2.1. Self assembly of APTES layers

The APTES (>99%) was purchased from Acros Organics. The
silicon wafer (boron doped, (111) plane) was cut into
1x1cm? slides as the substrates. These substrates were
cleaned in Milli-Q water (>18.2MQcm at pH 7.0), followed
by ethanol, acetone and Milli-Q water again for 10 min,
respectively. Then the Si substrates were immersed into
piranha solution (7:3 sulfuric acid to hydrogen peroxide) at
90 °C for 30 min, then rinsed with Milli-Q water, and dried
under nitrogen [33-35]. In order to prevent APTES from
reacting with the glassware, the 10 ml glassware was pre-
pared as described in [34]. APTES solution was diluted seri-
ally into the concentrations of 2x107% 2x1073, 1.5x 1072
and 1.5x10"*M in redistilled toluene, while operated in a
glove box (H,O and O, were <3 ppm). The prepared silicon
substrates were immediately immersed into different APTES
solutions at 25 °C for 30 min to assemble APTES layers. Final-
ly the Si substrates were ultrasonically cleaned in redistilled
chloroform for 5min to remove the physisorbed APTES on
the surface, and following rinsed with toluene, water and
dried by a stream of nitrogen.

2.2.  The fabrication of SiO, nanoparticles

The CVD system equipped with a new quartz boat and tube
(1in. interior diameter) was used [27]. Silicon substrates with
different APTES layers were placed onto the quartz boat, and
were oxidized at 900 °C for 15 min in air. In consequence, SiO,
nanoparticles with different sizes were formed as the APTES
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alkyl chains were removed [36]. More importantly, SiO, nano-
particles with larger diameter were formed when using APTES
solutions with higher concentrations.

2.3.  The growth of SWCNTs

SWCNTs were grown in CVD system equipped with new
quartz boat and tube using ethanol vapor as carbon source.
The substrates with SiO, nanoparticles were heated to
900 °C under a flow of Ar/H, (80/180 sccm) gas mixture, then
the ethanol vapor by bubbling 80 sccm Ar was introduced into
the furnace for SWCNT growth [29,30]. After 30 min growth,
the ethanol vapor was turned off and the reactor was cooled
to room temperature [27].

2.4. Characterization techniques

The surface functional groups and hydrophilicity of APTES
layers were characterized by contact angle system (OCA30,
Dataphysics Instruments GmbH, Germany). The thickness of
APTES layers was confirmed by ellipsometer (Gaertner L
116B, angle of incidence was 70°, 633 nm laser). Atomic force
microscopy (AFM, Nanoscope IIIA, operated at tapping mode)
was used to verify the surface roughness of APTES layers and
the diameters of oxidized SiO, nanoparticles and grown
SWCNTs. Scanning electron microscopy (Hitachi S-4800,
1kV) and Raman spectroscopy (Horiba HR800, 633 and
514 nm) showed the features and resonance modes of Si sub-
strates and obtained SWCNTs. XPS (ESCALab250, Thermo Sci-
entific Corporation) was used to confirm the chemical
composition of the substrate surface.

3. Results and discussion

Fig. 1 presents a diagram of the preparation procedures from
APTES layers to SiO, nanoparticles with controlled size, and
followed by growth of SWCNTs in CVD. Firstly, different con-
centrations of APTES were prepared in redistilled toluene [33-
35]. A series number of APTES layers were assembled onto the
hydrophilic surface of silicon substrates in a glove box as
shown in Fig. 1a. Secondly, the SiO, nanoparticles with differ-
ent sizes were prepared by thermal oxidation of different
number layers of assembled APTES in air. Finally, using the
obtained SiO, nanoparticles as nucleation centers, SWCNTs
with controlled diameter were grown on Si substrates using
ethanol-CVD.

3.1. Characterization of self-assembled APTES layers

Fig. 2 displays the surface topographies of different numbers
of APTES layers on silicon substrates. As shown in Fig. 2a,
the thickness of APTES layers measured by ellipsometer,
which indicated the larger concentrations of APTES solution
was, the thicker APTES layers were assembled. As reported,
the theoretical thickness of monolayer APTES was about 7 A
[35]. When assembling APTES layers with the concentrations
of 2.0x107% 1.5x1072 and 1.5x 10 ' M, the measured thick-
nesses were 3, 7 and 13 A, which indicated assembled layers
were sub-monolayer, monolayer and bilayer, respectively.

Static contact angle was applicable to explain the surface
properties, which was affected by many factors, such as conc
entration, surface roughness and curing time. The measured
contact angles in Fig. S1 illustrated the hydrophilic functional
groups such as -NH, or -OH were predominant on the sub-
strate surface [33,34]. Moreover, the surface of assembled lay-
ers became rougher with the number of APTES layer
increasing. Typically as showed in Fig. 2d and e, root mean
square roughness of monolayer and bilayer APTES were about
0.49 and 0.82 nm, respectively.

3.2.  Characterization of SiO, nanoparticles

In order to obtain the SiO, nanoparticles, the APTES layers
with different thicknesses were oxidized simultaneously at
900 °C for 15min. During the oxidative process, the alkyl
chains of APTES were firstly removed, and then the residual
SiO, moved randomly on the silicon surface and aggregated
into larger nanoparticles due to the less surface energies.
Fig. 3a-d shows AFM images of SiO, nanoparticles obtained
by oxidization of different APTES layers. We operated a statis-
tical analysis about 70 SiO, nanoparticles to investigate the
size distribution for each kind of APTES layers. The histo-
grams in Fig. 3e-h show the size of SiO, nanoparticles became
larger with increasing the APTES concentrations. That is be-
cause APTES layers with larger number were assembled, the
more Si atoms on the substrates existed, and then the larger
SiO, nanoparticles were formed. As the concentrations of
APTES increasing from 2.0x107% 2.0x1073, 1.5x1072 to
1.5x10° 1M, the average diameters of SiO, nanoparticles in-
creased from 1.22, 1.49, 1.67 to 1.98 nm. In general, the size
scale of obtained nanoparticles is suitable to grow SWCNTs.
Moreover, as shown in Fig. S2, only non-metallic elements,
such as Si, O, C and N were observed in XPS spectra, which
indicated there was no metallic contamination in our system.

3.3.  Characterization of as-grown SWCNTs

With the SiO, nanoparticles of certain diameters, we suppose
they could be utilized as the nucleation centers for SWCNT
growth. As described in the Section 2, the silicon substrates
with different size SiO, nanoparticles were placed in a 1in.
quartz tube with an Ar/H, (80/180 sccm) gas mixture. When
temperature increased to 900 °C, ethanol vapor as carbon
source was introduced into the furnace by bubbling 80 sccm
Ar. After growth of 30 min, the system naturally cooled to
room temperature [27,37].

SEM images in Fig. 4 show the un-oriented SWCNTs grown
on Si substrates using SiO, nanoparticles with different sizes.
The insets in Fig. 4a-d are AFM images of grown SWCNTSs cor-
responding to APTES concentrations shown in Fig. 2b-e,
respectively. Typical section analysis of AFM images of
SWCNT is shown in Fig. S3. To explore the relationship be-
tween the size of SiO, nanoparticles and the diameter of
SWCNTs, the diameter of about 70 SWCNTs for each APTES
concentration were measured. Fig. 5a-d is the statistical his-
tograms of the measured diameters of SWCNTSs, which show
that the diameters increased with the APTES concentration.
When the sizes of SiO, nanoparticles were 1.22, 1.49, 1.67
and 1.98nm in Fig. 3e-h, the diameters of SWCNTs were
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Fig. 1 - A diagram of diameter controlled growth of SWCNTSs from SiO, nanoparticles. (a) APTES layers were assembled on the
silicon substrates. (b) Discrete SiO, nanoparticles with desired size were obtained by thermal oxidization. (c) SWCNTs with
controlled diameters were grown from obtained SiO, nanoparticles.
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Fig. 2 - (a) Thickness variation of APTES layers as a function of solution concentrations. (b-e) AFM images of assembled
APTES layers when the concentration was 2.0 x 10 %, 2.0 x 103, 1.5 x 10 2 and 1.5 x 10~ * M, respectively. The scale bars are

0.25 pm.

0.90, 1.26, 1.42 and 1.82 nm in Fig. 5a-d, respectively. For each
APTES concentration, the diameter of grown SWCNTs was
smaller than the size of oxidized SiO, nanoparticles, which
was in accordance with relationships between the metallic
nanoparticles and their grown SWCNTs [25]. The larger con-
centration of APTES solution was used, the larger diameter
of SWCNTs was obtained. Furthermore, the Raman spectrum
with RBM peak at 186.9 cm ™" of grown SWCNTs was shown in
Fig. S3e, which corresponded to a SWCNT diameter of about
1.33 nm. Therefore, the diameter of SWCNTs can be simply
and consistently controlled by adjusting the APTES
concentrations.

3.4.  The growth mechanism of SWCNTs

As shown in Fig. S4, we moved the SWCNT growth process in
a mini-CVD system combined with in situ Raman spectros-
copy. The mini-CVD is a closed heating stage (Linkam
CCR1000) linked to all necessary gas sources. A quartz win-
dow was equipped on the top of sample chamber, which al-
lowed the Raman laser to pass through the window without
significant decay.

To exclude the resonance modes from Si substrate during
the Raman characterization, 50 nm SiO, film was deposited

onto Al,O3 substrates by electron beam evaporation. The
Al,O; substrate exhibited a sharp contrast in colors before
( Fig. S5a) and after ( Fig. S5b) deposition of SiO, films. The
average size of SiO, particles was 2.07nm as shown in
Fig. S5c and d. The substrates were loaded into the mini-
CVD chamber and then 180sccm H, and ethanol vapor
(80 sccm Ar bubbled through liquid ethanol) were introduced
into the system. After focusing the 514 nm laser onto the
SiO, surface for Raman measurement, the CVD chamber
was heated to 900 °C at a rate of 100 °C/min. After reacting
for 30 min, the system was cooled to room temperature.
During the whole reaction process, Raman spectra were col-
lected with a 10s for every 50°C. Typical Raman spectra
were shown in Fig. 6a, including the spectra collected at
the beginning of the growth (28-29 °C, black line), heating
process (520-540 °C, red line'), growth process (900 °C, blue
line), cooling (550-530°C, cyan line) and after termination
(33-32°C, pink line). Raman signals from SiC were not ob-
served, which should include the longitudinal optical band
at 972cm™' and transverse optical band at 796 cm™?
[38,39]. Moreover, XPS spectra in Fig. 6b show that the peaks
of Si 2p appear at 103.2 and 104.7 eV corresponding to SiOy
and SiO,(OH),, respectively. In contrast, the Si 2p peak of
SiC should appear at about 100.5eV [40]. Obviously, both

! For interpretation to colour in the text, the reader is referred to the web version of this article.
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Fig. 3 - (a-d) AFM images of SiO, nanoparticles obtained by oxidization of the APTES layers which were prepared with the
concentration of (a) 2.0 x 10%, (b) 2.0 x 103, (c) 1.5 x 102, and (d) 1.5 x 10 * M. The scale bars are 0.25 pm. Corresponding
histograms of nanoparticle size are plotted in (e-h), respectively. The red solid lines are Gaussian fitting peaks. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Raman spectroscopy and XPS revealed there was no SiC
formed during the growth process. Therefore, the SiO, film
did not react with carbon sources and remained its original
chemical component. Moreover, the growth mechanism of
SWCNTs from SiO, nanoparticles may be different from that
by metallic nanoparticles.

In general, the SWCNT growth from metallic nanoparticles
follows the VLS mechanism as shown in Fig. 7a [9]. Hydrocar-
bon fragments formed from decomposed carbon source (eth-
anol in this case) were transported with the gas stream, some
of which randomly attacked the metallic nanoparticles and
were chemically absorbed onto their surfaces. In accordance
with metal-carbon phase diagram, carbon atoms on the par-
ticle surface would be dissolved into the nanoparticles and
formed a solid-state solution at high temperature [41]. Once
reaching the super-saturation point, the redundant carbon
would precipitate into the SWCNT cap along the hemispheri-
cal surface [26,42]. Alternatively, a small fraction of carbon
atoms could possibly bind with the edge of a SWCNT directly
[43]. Some carbon atoms could also diffuse to the interfaces of
SWCNT and nanoparticle along the surface, which would not
form a solid-state solution in the bulk phase. Of course, all of

these carbon atoms would contribute to SWCNT growth. Most
kinds of metals, such as Fe, Co and Ni, have a great solubility
to carbon, so the precipitated carbon is the major factor in
SWCNT growth from metal catalyst [44]. In contrast, non-
metallic elements like Si have little solubility to carbon
according to their phase diagrams [45]. Raman spectroscopy
and XPS characterization also indicated that no Si-C mixed
phase formed and the SiO, nanoparticles retained their initial
chemical components. Therefore, we speculate that the
SWCNT grown from SiO, nanoparticle followed by a VS mech-
anism, which was different from metallic catalysts. Mean-
while, carbon atoms would experience a distinguished
aggregation route to grow SWCNTs. As shown in Fig. 7b, the
pyrolyzed carbon atoms can collide with SiO, nanoparticle
and attach to its surface by unstable physisorption, and then
diffused randomly along the SiO, surface. To reach a lower
energy state, some carbon atoms bonded together into graph-
itized layers as the initial SWCNT cap. Otherwise, possibly a
few carbon atoms would directly bond with the edge of the
SWCNT. Because no Si-C alloy was formed, the SWCNT
growth using SiO, nanoparticle is supposed to be followed a
VS mechanism. Most recently, Cheng’s group also proved that
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Fig. 4 - (a-d) SEM images of grown SWCNTs from different size SiO, nanoparticles corresponding to Fig. 3a-d. Insets are
typical AFM images of SWCNTs. The scale bars are 15 pm.
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Fig. 5 - Histograms of SWCNT diameters grown from SiO, nanoparticles with size of 1.22 (a), 1.49 (b), 1.67 (c) and 1.98 nm (d),
respectively. The red solid lines are Gaussian fitting peaks. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

a vapor-solid-solid mechanism was suggested to the metal- may depend on the growth conditions, which also needs
free catalytic growth of SWCNTs from SiOy [46], while Bach- more attentions.

matiuk’s group was inclined to VLS mechanism when using As mentioned above, the mechanisms of SWCNT growth
quartz as both the silica support and provider of SiO, nano- from metal or SiO, particles are different. From the principle

particles in spray CVD system [47]. So, the growth mechanism of chemical dynamics, reaction rate was a function of the
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Fig. 6 - (a) In situ Raman spectra collected during the growth process in mini-CVD system. (b) XPS spectra of the SiO, film after

SWCNT growth.
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Fig. 7 - (a) The classical VLS mechanism during SWCNT
growth by metallic catalyst. (b) The supposed VS
mechanism during SWCNT growth from SiO, nanoparticles
as nucleation centers.

concentration of reactants. VS mechanism should result in a
slower growth rate than VLS mechanism, which was in
agreement with experimental results [46]. In Fig. 4, SEM
images illustrated that the length of obtained SWCNTs were
around a few dozen micrometers, which was obviously
shorter than samples by metal catalysts. SiO, nanoparticle
only played a role of nucleation center for SWCNT growth.
However, the metal cluster as a chemical catalyst could fur-
ther promote the decomposition of carbon source, which re-
sulted in a superior efficiency and faster growth rate than
that with SiO, nanoparticles. At this point, the exact way
by which carbon atoms were transported onto the SiO, par-
ticle surface and the mechanism by which carbon atoms
could gather into a SWCNT cap were still interesting issues
towards understanding chirality-selective growth of
SWCNTs.

4, Conclusions

In conclusion, a rational method is put forward to control
the diameter of SWCNTs in an ethanol-CVD system with-
out metallic nanoparticles. The size of SiO, nanoparticles
obtained by thermal oxidation increased with concentration
of APTES solutions. Using these nanoparticles as nucleation
centers, the diameters of grown SWCNTs, ranged from 0.90
to 1.82 nm, were related to the size of SiO, nanoparticles.
Furthermore, VS mechanism was supposed to interpret the
growth process of SWCNTs. Although the SWCNT growth
rate was relatively slower than that from metal nanoparti-
cles, we believe that the obtained SWCNTs, totally free
of residual metal, would have a further application in
nanoelectronics.
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