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ABSTRACT: Carbon nanotube (CNT) growth has been demon-
strated recently using a number of nonmetallic semiconducting and
metal oxide nanoparticles, opening up pathways for direct CNT
synthesis from a number of more desirable templates without the
need for metallic catalysts. However, CNT growth mechanisms
using these nonconventional catalysts has been shown to largely
differ and reamins a challenging synthesis route. In this contribution
we show CNT growth from partially oxidized silicon nanocrystals
(Si NCs) that exhibit quantum confinement effects using a microwave plasma enhanced chemical vapor deposition (PECVD)
method. On the basis of solvent and a postsynthesis frgamentation process, we show that oxidation of our Si NCs can be easily
controlled. We determine experimentally and explain with theoretical simulations that the Si NCs morphology together with a
necessary shell oxide of ∼1 nm is vital to allow for the nonmetallic growth of CNTs. On the basis of chemical analysis post-CNT-
growth, we give insight into possible mechanisms for CNT nucleation and growth from our partially oxidized Si NCs. This
contribution is of significant importance to the improvement of nonmetallic catalysts for CNT growth and the development of Si
NC/CNT interfaces.

KEYWORDS: silicon nanocrystals, carbon nanotubes, nonmetallic catalyst, plasma, nanocomposite

■ INTRODUCTION

Two of the most environmentally friendly and abundant
elements are carbon (C) and silicon (Si). It is therefore no
coincidence that they play important and fundamental roles in
numerous technologies. In recent decades, new opportunities
have become viable due to the unique properties that are
exhibited by nanosized C and Si. The use of Si within many
optoelectronic devices has been limited by the indirect bandgap
nature of bulk silicon, which presents poor absorption and
emission properties. However, once Si nanocrystals (Si NCs)
are synthesized with diameters that are comparable to or below
the Bohr radius (<5 nm), a widening of the energy bandgap is
observed, leading to novel optoelectronic properties.1 Con-
sequently, the radiative recombination processes can be altered
on the basis of the Si NCs diameter. Additionally, at these
dimensions, nanocrystals are considerably affected by their high
surface to volume ratio, meaning that the Si NCs surface
chemistry can strongly impact the overall behavior and
properties.2 However, the enhanced optoelectronic properties,
small size, and increased curvature of these nanocrystals can be

highly benifical for a variety of applications that include
bioimaging, drug delivery, solar cells, and LEDs.3,4 Similar to Si
NCs, C nanomaterials have also been extensively studied by the
scientific community in recent decades.5−7 Popular industrial
processes such as chemical vapor deposition and pyrolysis can
be used to synthesize complex and functional C nano-
architectures such as carbon nanotubes (CNTs), graphene,
and fullerenes5,8,9 These C structures based on sp2 hybrid-
ization have gained attention due to their high strength/
stiffness, low density, and high electrical/thermal conductiv-
ities.10 CNTs in particular have been the focus of many
research groups because of their versatility in design (chirality,
single-walled, multiwalled), enabling fine-tuning of their unique
properties that are promising for many future applications.11−14

Still, the growth of high-quality CNTs often relies on metal
catalyst particles that remain within CNTs after synthesis and
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can affect their implementation into numerous applications. A
number of post-treatment techniques have been established to
purify the CNTs of remaining impurities.15,16 Nevertheless,
these postgrowth techniques add complexity and are not
benifical for rapid, low-cost production. The possibilty to grow
CNTs on desired substrates or templates through the use of a
nonmetallic catalyst is a highly desired solution. CNT growth
has previously been demonstrated on a number of nonmetallic
semiconducting and metal oxides nanoparticles to produce
single- and double-walled nanotubes.8,17 For instance, the
growth on metal oxide nanoparticles has been shown to differ
drammatically from CNT growth on metal catalysts, where
different types of growth mechanisms have been identified.18

Of particular importance is the possibility of using silicon to
catalyze CNT growth because of the potential to implement
directly into a number of highly established Si-based
technologies. Futhermore, with tunable optical and electronic
properties that Si NCs and CNTs display, the possibility of
coupling Si NCs and CNTs to produce innovative devices and/
or components at the nanoscale is a very attractive opportunity.
Si NCs/CNTs nanostructures present new possibilities to
explore nano device architectures that will lead to innovative
and improved design approaches. In principle, a SiNC/CNT
system would present an almost perfect optoelectronic
nanocomponent, creating an interface between two quantum
confined nanostructures, where the possibility of multiple
exctions generated by the Si NCs can be coupled with CNTs to
enhance exciton dissociation and charge transport. There are a
number of applications that could benefit from the operation of
such a Si NC/CNT nanojunction. For example, the high
volumetric along with large gravimetric capacities of Si20 are
attrative characteristics that can be combined with CNTs for
numerous energy applications. The inclusion of CNTs could
improve the mechanical stability as well as enhancing charging
and discharging speeds. The improved performance of a CNT/
Si composite for energy storage, specifically high reverse
capacity of more than 3000 A h g−1, was validated by a number
of groups.20,21 Lately, Si NCs have been shown to act as an
ideal photocatalyst to reduce CO2 in aqueous environ-
ments.22,23 Introducting a Si NC/CNT photocatalyst would
present increased surface areas as well as more efficient charge
separation and transport, enhancing the overall performance
and reduction of CO2 species. In some instances, the
fabrication of Si NC/CNT composites has been accomplished
using simple solution chemistry methods, where we have
successfully encapsulated Si NCs within the CNT cavities.24

Furthermore, an electrostatic force process has been shown to
be somewhat effective in attaching Si NCs to the outer walls of
CNTs.24 However, it is very likely that the Si NC/nanocarbon
structures promoted using the above techniques rely on weak
chemical interactions essentially achieved postsynthesis, mean-
ing that subsequent optical and electronic coupling between the
Si NCs and CNTs would undoubtedly suffer. Therefore, the
possibility to directly grow CNTs from Si NCs, forming a
chemically attached Si NC/CNT junction, is a very intereasting
and exciting prospect. Direct CNT growth using Si NCs as a
catalyst may be accomplished through management of the
nanocrystals surface characteristics where, on the basis of our
previous work, oxygen appears to play a key role for successful
growth.19,24 Oxygen coordination at the Si NCs surface may
influence chemical bonding with the CNT, although careful
control over the oxide thickness is required in order for the Si

NCs to maintain their desired optoelectronic properties after
CNT growth.
In our previous work CNT growth was attempted using a

CH4 low-pressure plasma treatment directly from Si NCs that
had been processed by different methods.19,25 Low yields of
CNTs were grown from electrochemically etched Si NCs,
suggesting that particle size and the extent of the surface oxide
played a vital role in the successful growth of CNTs from
nonmetallic Si NCs. However, we were unable to understand
the role of oxide on CNT growth. Through a more in depth,
systematic experimental and theoretical study we have now
been able to identify key features on the Si NCs surfaces,
overcoming previous challenges. Our detailed and quantitative
analysis allowed us to provide a clear insight into mechanisms
for CNT growth from nonmetallic Si NCs.
We demonstrate in this study the synthesis and production

of a nanoscale composite of Si NCs/CNTs using a microwave
plasma-enhanced chemical vapor deposition (PECVD) process.
We establish a procedure for controlled oxide growth based on
solvent and a fragmentation process that presents the required
Si NC morphology and surface characteristics for successful
CNT nucleation. Our experimental measurements enable us to
determine that a threshold oxide thickness of ∼1 nm is
necessary before CNT growth can occur from our nonmetallic
Si NCs catalysts.

■ RESULTS
Sample Description and Oxidation Procedure. Si NCs

are produced here from porous silicon following an established
electrochemical etching procedure (see Experimental Section
below). After mechanical pulverization, porous silicon yields a
powder made up of agglomerates (up to micrometers in size)
of Si NCs with diameters in the range 2−3 nm (Figure 1a). The

Si NCs at the surface of the large agglomerates tend to be
oxidized; however, interfaces between Si NCs within the
agglomerates are not oxidized but hydrogen terminated,
possibly with surface defects and dangling bonds.26 Therefore,
only the Si NCs on the superficial layers of the agglomerates are
affected by oxidation, whereas the SiNCs found within the
agglomerates are somewhat protected and remain unexposed to

Figure 1. Schematic representation of (a) as-prepared agglomerated
silicon nanocrystals, (b) as-prepared silicon nanocrystals in ethanol,
(c) fragmented silicon nanocrystals in ethanol following sonication,
(d) as prepared silicon nanocrystals in deionized (DI) water, and (e)
fragmented silicon nanocrystals in DI water following sonication.
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oxidizing species. When the agglomerates are dispersed in water
or ethanol, the superficial Si NCs will be subject to further
oxidation (Figure 1b,d). However, sonication of the samples in
water or in ethanol promotes the fragmentation of the Si NCs
agglomerates, whereby exposure of the inner Si NCs interfaces
induces oxidation on most of the Si NCs (Figure 1c,e). We
therefore use the sonication process for different periods and in
different solutions to achieve different degrees of controlled
oxidation, namely, slower in ethanol (Figure 1b,c) and faster in
water (Figure 1d,e). The detailed chemical analysis confirming
the oxidation states as described here will be provided further
below. Following the oxidation procedure, Si NCs with varying
oxidation states will be used as CNT growth catalysts to
evaluate the impact of the Si NCs oxidized surface on the
growth mechanisms.
Chemical Analysis of Si NCs Prior to CNT Growth.

Previous results have indicated oxide growth on Si NCs
follwing a sonication process in both DI water and ethanol.19

Additional measurements and a more detailed analysis that
includes deconvolution of the oxide peaks, including doublets,
and suboxide peaks has confirmed the formation of differet
oxide arrangements on the Si NCs surface (Figures 2 and 3). X-

ray photoelectron spectroscopy (XPS) investigation into the Si
2p area for our Si NCs prepared in deionized (DI) water and
following subsequent sonication times was performed (Figure
2). XPS spectra were calibrated to 284.8 eV according to the C
1s core level binding energy (BE).27 Si 2p core-level spectra
were fitted using Gaussian line shapes after linear background
subtraction. For the 2p3/2−2p1/2 doublet, the intensity ratio of
2:1 and constant splitting of 0.61 eV was taken into account.
The Si 2p spectrum is commonly acknowledged as a
superposition of five peaks that correspond to the Si 2p core
levels of Si0 and each of the individual Si−On bonding
arrangements in the amorphous SiOx layer and where n = 1−4
represents the oxidation states Si2O (Si1+), SiO (Si2+), Si2O3
(Si3+), and SiO2 (Si

4+). The BEs relative to the Si0 position for
each Si 2p3/2 suboxide components are 0.95, 1.57, 2.56, and
3.82 eV, respectively. After deconvolution of the XPS spectra
the metallic Si0 peak, typically found around 99.7 eV,28 was
absent for Si NCs dispersed in DI water (Figure 2a). The XPS
measurement in this case (Figure 2a) assesses the chemical
composition of highly agglomerated nanocrystals forming large
micrometer-sized structures (Figure 1a). The non-appearance
of a metallic Si0 peak for Si NCs as-prepared in DI water
(Figure 2a) is essentially because the superficial Si NCs are

Figure 2. (a) X-ray photoelectron spectra for as-prepared silicon
nanocrystals (Si NCs) in deionized (DI) water and (b−d) after
different sonication times: (b) 20 min, (c) 40 min and (d) 60 min.

Figure 3. (a) X-ray photoelectron spectra for silicon nanocrystals (Si
NCs) prepared in ethanol and (b−d) after different sonication
periods: (b) 20 min, (c) 40 min, and (d) 60 min.
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extensively (or fully) oxidized and form an oxide layer all
around each agglomerate (red contour in Figure 1d). The
penetration depth of the X-ray source (∼10 nm) is less than the
accumulated thickness of these oxidized agglomerates and
therefore does not detect Si−Si bonds.
After 20 min sonication in DI water, the metallic Si0 peak

positioned at 99.7 eV is easily observed (Figure 2b). The
sonication process has encouraged the breaking up of
agglomerates with heavily oxidized Si NCs at the surface,
uncovering new Si−Si bonds of the inner Si NCs, which were
not exposed to oxidizing species (Figure 1e).
Following the fragmentation of large agglomerates, the Si0

intensity is observed to decrease following an increase in
sonication time (40 and 60 min, Figure 2c,d respectively). The
assumption can then be made that because of this sequential
reduction in Si0 intensity with continued sonication time the
bulk of large agglomerates have been effectively fragmented and
fragmented Si NCs are being oxidized at their surface (Figure
1e). Similarly, XPS analysis was performed for Si NCs prepared
in ethanol and following subsequent sonication time periods
(Figure 3).
Oxidation of the Si NCs at the surface of non-fragmented

agglomerates in ethanol (Figure 1b) is slower than in water. For
this reason XPS measurements still exhibit the metallic Si0 peak
(Figure 3a), which was completely absent in the corresponding
XPS measurements of the agglomerates in water (Figures 2a
and 1d). Following 20 min of sonication, large oxidized
agglomerates have been fragmented to expose new Si−Si bonds
(Figure 1c) showing an intense Si0 peak and negligible
oxidation components (Figure 3b). Further sonication time
(40 and 60 min, Figure 3c,d, respectively) shows that oxidation
advances at a reduced rate in comparison to Si NCs that were
sonicated in DI water (Figure 2c,d). Fourier transform infrared
spectroscopy (FTIR) for Si NCs in ethanol and DI water
showed characteristic Si−O−Si and Si−H bending and
stretching modes that has been covered extensively in earlier
works by our group and are reported for convenience in the
Supporting Information.29,19 The relative increase in ratio of
the FTIR transmittance peaks at 1100 and 2100 cm−1 were
analyzed (Figure 4a) and correspond to Si−O−Si and Si−H
stretching modes, respectively.30,31 We observe that the
sonication process clearly accelerates the replacement of Si−
H bonds in both ethanol and DI water, the latter proceeding at
an increased rate as consistently highlighted (Figure 2 and 3).
Because of the much larger penetration depth (μm) from the
infrared laser compared to XPS energy source, Si−H stretching
peak can be detected for Si NCs prepared in DI water. This
further confirms the XPS analysis and our description of the
oxidation process for Si NCs prepared in ethanol/DI water and
during sonication intervals. Furthermore, XPS measurements
give us the opportunity to quantify the oxidation degree and
link this to the subsequent CNT growth.
Quantification of the Oxide Growth on Si NCs

Samples. We evaluated the oxide thickness (Tox) and plotted
it against the sonication time for Si NCs ethanol and DI water,
where Tox was quantified (Figure 4b) on the basis of
deconvoluted XPS spectra of Figures 2 and 3 and determined
with the following expression:32
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The ratio ISi
∞/ISiO2

∞ is a constant that compares the intensities
of “infinitely” thick Si0 and SiO2 and is equal to 0.9329 (ISO/
DIS 14701 standard). θ is 58° and is the angle of the electron
analyzer and the sample surface. The analytical method
described above is typically used for samples that are planar
and not with spherical shapes, which results in a largely
overestimated oxide thickness. However, the shape can be
taken into consideration by introducing a geometric factor,
which in our case results to be equal to 1/2.

33

By using this analytical technique we obtain absolute values,
highlighting the modified rate of oxidation for Si NCs in each
solvent as a consequence of the sonication process (Figure 4b).
We observe for our agglomerated Si NCs prepared in ethanol
Tox values of 1.31 ± 0.78 nm. No metallic Si0 peak was
observed from our XPS analysis of Si NCs prepared in DI-water
(Figure 2a), so we are unable to apply the analytical model to
obtain a value for Tox. However, we know that the penetration
depth of our Al X-ray source (hv = 1486.6 eV) is ∼10 nm, so

Figure 4. (a) Graph depicting the ratio between 1100 and 2100 cm−1

FTIR absorption peaks for silicon nanocrystals (Si NCs) prepared in
ethanol/deionized (DI) water and after subsequent sonication time
periods. (b) Oxide thickness calculation using fitted X-ray photo-
electron spectral data Si NCs prepared in ethanol/DI water and
following sonication time periods.
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we can assume a value of Tox > 10 nm in this case. The
thickness of as-parepared samples (left side, Figure 4b) has to
be attributed to the oxidation of Si NCs at the surface of the
agglomerates only (Figure 1b,d); therefore in the case of the
samples dispersed in water, the measurements and model
suggest that 3−4 superfical Si NCs layers are fully oxidized (if
we remember that Si NCs have a 2−3 nm diameter). After 20
min of sonication in ethanol and DI-water, the model produces
Tox values of 0.43 ± 0.08 nm and 1.26 ± 0.22 nm, respectively.
Because the sonication process has successfully fragmented the
large agglomerates into smaller or single Si NC arrangements,
these values can be predominantly attributed to the actual
oxidation degree of Si NCs and not the Si NCs at the surface of
the agglomerates only. Continued sonication (40 and 60 min)
contributes to further oxidation of the Si NCs with an
increasing oxide thickness. Both oxide thickness and rate of
oxidation are much more pronounced in water than in ethanol,
confirming the oxidizing role of water molecules. We also
observe changes in the rate of oxidation with sonication time,
which are more easily seen in the samples that were sonicated
in water.
It should be noted here that the oxidation rate can vary, and

among other factors, it depends also on the agglomerate size
and indeed on the thickness of the existing oxide layer. Initially,
the agglomerate size influences the degree of coverage of
adsorbed species on its surface. The surface density of hydroxyl
and water molecules is generally lower for smaller particles due
to varying particle curvature.34,35 As a consequence, in the early
stages and for large agglomerates, oxidizing molecules are found
at a higher degree of surface density thus contributing to a
more rapid oxidation. At the same time, Si NCs present an
increased surface area with higher reactivity due to the presence
of high-energy surface features that may speed up the oxidation
process. It follows that the rate of oxidation in the initial stages
is the result of competing mechanisms and that surface reaction
rates and density of oxidizing species are the limiting factors.
Nonetheless, in the following stages during inward oxide
growth, the oxidation rate in Si NCs is drastically slowed down
due to geometrial and mechanical constraints.36,37 The
continued growth of the oxide results in diffusion limited
growth because the oxidizing species are expected to diffuse
through the already thick oxide layer in order to reach the Si−
SiO2 interface. This typically results in parabolic growth rate
due to the oxide growth being proportional to the square root
of the oxidation time.38

In the case of our Si NCs sonicated in ethanol, we observe a
slow monotonic trend and increasing oxide thickness due to the
lower water content coupled with a reduced oxidation rate for
small Si NCs. However, we observe that for our Si NCs
sonicated in DI-water, oxidation expectedly proceeds at an
increased rate in comparison to Si NCs sonicated in ethanol.
Furthermore, the rate of oxidation appears to be clearly reduced
after 40 min sonication; it is possible that Tox is approaching a
maximum value and the reaction has become diffusion limited
in this case.
Characterization of Si NCs/CNTs Following the CNT

Growth Process. Si NCs with varying oxidation states were
then drop cast on substrates and subjected to a PECVD process
to grow CNTs (see Experimental Section). Scanning electron
microscopy (SEM) of all samples post plasma treatment was
performed. SEM of Si NCs sonicated in DI water after plasma
treatment showed the appearance of CNT structures (Figure
5a−c). The formation of unorganized fibrous arrangements

with lengths up to 5 μm were found for each sonication interval
(20, 40, and 60 min). This was particularly detected for Si NCs
that were sonicated for 60 min in DI water. It is important to
highlight that CNT nucleation and growth from Si NCs
prepared in DI water or for Si NCs prepared and sonicated in
ethanol was not possible; therefore, further characerization
within this section is performed and discussed only for samples
with Si NCs sonicated in DI water for 20, 40, and 60 min which
were successful in catalyzing CNT growth.
Because the growth of CNTs is only achieved using Si NCs

in DI water that had been fragmented using a sonication
process, the following comments can be made: (a) Si NCs
prepared in DI water and ethanol contain large agglomerates
that are not of appropriate dimensions or morphology for
successful nucleation of CNTs. (b) An oxide thickness (as
highlighted in Figure 4b) below a certain threshold (<1 nm)
prevents Si NCs from acting as a suitable catalyst. Detailed

Figure 5. Carbon nanotubes grown from silicon nanocrystals in
deionized water and sonicated for (a) 20 min, (b) 40 min, and (c) 60
min.
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transmission electron microscope (TEM) images of CNTs that
have been grown using oxidized Si NCs (60 min sonication in
DI water) as a nonmetallic catalyst were obtained. The
nanotubes produced are of varying diameters and sizes (Figure
6a−d), originating mainly from Si NC agglomerates that range
in dimensions as well as from a single nanocrystal (Figure 6c).
The detailed TEM analysis (Figure 6e) has shown that

CNTs are multiwalled in nature with up to 15 layers. The
measured spacing of ∼0.33 nm between each of the layers
correlates with the d-spacing associated with the (002) plane of
graphite. It is predicted from the condensed array of
unorganized nanotubes that CNTs have precipitated outward
from the end of our Si NCs and hence are removed from the
substrate (tip-growth). Nanotubes are seen to grow directly
from small agglomerates (i.e., much smaller than as-prepared
micrometer-sized agglomerates) of oxidized Si NCs with the

fast Fourier transform image showing (102) d-spacing of 0.23
nm for SiO2 (Figure 6f).
Additionally, Raman spectroscopy was used to characterize

our Si NCs/CNTs composite post PECVD process (see
Supporting Information). We observe both D, G, and 2D bands
typical of graphitic structures. The intense D band observed
suggests our grown CNTs are highly defective, which is typical
in multiwalled structures. At the same time carbon deposits
may be present across each sample that did not catalyze due to
the nonuniformity of the catalyst layer. This is confirmed by the
2D region (second-order phonon process), which also shows
numerous low intense peaks in the range 2400−3000 cm−1,
characteristic of multilayered amorphous structures. Because
the investigation is still fundamental in nature, we expect that
an optimization process will be able to lead to improved growth
yields and higher quality of the CNTs. Further chemical

Figure 6. (a−c) Transmission electron microscopy images of carbon nanotubes grown from silicon nanocrystals in deionized water sonicated for 60
min using a microwave plasma chemical vapor deposition process.

Figure 7. X-ray photoelectron spectroscopy analysis of O 1s, C 1s, and Si 2p regions for (a−c) oxidized Si nanocrystals (NCs) before the plasma
process (60 min sonication in DI water) and (d−f) after carbon nanotube growth. Panel c corresponds to Figure 2d and is reproduced here to ease
the comparison.
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characterization of the samples postgrowth was also carried out
by XPS (Figure 7).
Figure 7 shows the XPS anaylsis of our oxidized Si NCs in

water before (Figure 7a−c) and after (Figure 7d−f) our
PECVD process. The O 1s spectrum (Figure 7a) is comprised
of peaks located around 530.5, 533.0, and 534.4 eV,
corresponding to O′, Si−O2, and Si−O−OH components. O′
has previously been assigned to a metastable amorphous phase,
indicating the Si−O−Si bridge with a C−O−C bond or also a
Si−O−C bond.39,40 After the plasma process (Figure 7d), we
observe a decrease in the peak corresponding to SiO2 as well as
a shift to lower binding energy (532.6 eV). Counter to this, we
observe an increase in the peak O′ in addition to a shift to
higher binding energy (531 eV). The C 1s spectra before CNT
growth (Figure 7b) includes a C−C bond (sp2) at 284.8 eV,
C−OH at 286.2 eV, and CO at 287.6 eV due to surface
impurities.41 The appearance of peaks after growth located at
282.8, 283.7, and 289 eV can be assigned to SiC, amorphous
SiC, and CO−OH, respectively (Figure 7e).42 XPS analysis
and peak assignment in Figure 7c correspond to Si NCs
dispersed in DI-water and sonicated for 60 min, as previously
discussed (see Figure 2d and corresponding text). After the
PECVD process (Figure 7f), the peak corresponding to Si4+

decreases in intensity and shifts to a higher binding energy by
about 0.4 eV. The Si3+ component, which was not originally
present in Figure 7c, is now observed at 103 eV also with the
Si2+ component located at 102 eV; both peaks have shifted by
about 0.4 eV compared to the expected BEs. The new peak
located at 100.8 eV is assigned to SiC with the metallic Si peak
located at 99.7 eV. These results suggest carbon atom diffusion

through the oxide layer that forms intermediate bonding
arrangements with silicon and oxygen atoms; this is supported
by the appearance of peaks corresponding to O′ (Figure 7d)
and CO−OH (Figure 7e). Eventually some carbon also
diffuses to the Si−SiO2 interfaces of the Si NCs, forming a
silicon carbide interlayer as confirmed by peaks corresponding
to SiC (Figure 7e,f) and a-SiC (Figure 7e). The shifts of about
0.4 eV to higher binding energy also support the formation of a
SiO2/SiC interface.43 Although reduced in intensity, the peak
corresponding to metallic Si is still present in Figure 7d,
confirming that a silicon core still remains. This would indicate
that SiC is produced at the expense of our inner silicon
nanocrystals.

Numerical Simulations of the Nucleation Mechanism.
Let us now discuss the possible mechanisms and routes of
CNT nucleation and growth on Si NCs in the microwave
plasma environment. First, we should stress that tip-growth
mode differs from that found in very similar experiments in the
growth of carbon nanotubes on scratched silicon wafers.44 In
this case, the nanotubes were nucleated due to the small
features on the hierarchically structured Si NCs surface, where
the oxide has provided features with strain bonds versus relaxed
H-terminated surfaces.45 These features played the key role in
nanotube formation. We propose the following main stages in
the growth process (Figure 8). At the first stage of the process,
the Si NCs are locally heated up by the plasma. After that, as a
result of the carbo-thermal reduction of silicon oxide and locally
increased temperature, the single graphene cap is formed and
lifts the nanocrystal off the surface, thus initiating the tip-
growth mode. Under such conditions, the Si NCs experiences

Figure 8. Plausible scenario of the nucleation and growth of carbon nanotube from silicon nanocrystal in reactive plasma environment. The silicon
nanocrystals dispersed on the surface subjected to plasma treatment (a) resulted in heating and possibly reshaping of the nanocrystals. Next, the
carbon chains were formed on the surface features of nanocrystals (b) and finally the tip-growth of the nanotube was started (under continuing
plasma effect) (c). The growth proceeded by nucleating and extruding the next layers over already formed (d). Finally, the multiwalled carbon
nanotube was formed, with the oxidized silicon nanocrystal been captured in the nanotube tip.

Figure 9. Numerical simulation of the main processes involved in carbon nanotube nucleation and growth from silicon nanocrystals in plasma. (a)
Model system consisting of small (10−50 nm) nanocrystals on silicon surface. (b) Calculated electric field pattern in the model system demonstrates
strong field strength near nanocrystals. (c) Calculated pattern of adsorbed atom density in the model system shows high density between the
nanocrystals and low density near nanocrystal surfaces, as a signature of strong fluxes from the surface to nanocrystals.
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strong ion flux due to localized irregularity of the electric field.46

This in turn causes reshaping and formation of multiple steplike
features on the Si NCs because of the thermal reorganization of
silicon oxide to minimize the surface energy.
Simultaneously, partial carbon dissolution and saturation in

the upper overheated layer leads to the nucleation of the next
graphitic walls in the individual steps due to the minimization
of adatom energy at the surface steps. To confirm this scenario,
we have used numerical simulations by the diffusion-based
model that was previously applied to similar systems.47

Specifically, we have designed a randomized digital model of
the system (oxidized Si NCs on the surface, Figure 9a) and
calculated the pattern of electric field and adatom density
profiles on the surface between the NCs under the typical
deposition conditions. The direct purpose of the simulations
was to calculate the fluxes to the individual oxidized Si NCs, so
we used the diffusion equation in the form

ξ ξ ξ∂
∂

= ∂
∂

+ ∂
∂

+ Ψ − Ψ+ −

⎛
⎝⎜

⎞
⎠⎟t

D
x yS

2

2

2

2
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where ξ is the density of adatoms on wafer surface, Ψ+
represents the flux of carbon material to surface, and Ψ−
represents the carbon evaporation away from the substrate.47

The diffusion coefficient can then be acquired:

λ ν ε= − ̅D kTexp( / )S
2

0 d s (4)

where Ts is the substrate temperature, k is the Boltzmann’s
constant, λ is the crystal lattice parameter, and ν0 is the
frequency of oscillations in the crystal lattice.47 The activation
energy for atom diffusion on substrate surface, εd̅, can be
calculated by use of vectors ℜ and N:

ε
ε η
η̅ = ℜ

Θ
=

∑
∑

N
Nd

k k

k (5)

where Θ is a unit vector, ℜ is vector of activation energies that
are related to different surface features ℜ(ε1, ε2, ..., εk), and N is
the density vector of surface features which were considered for
the model surface N(η1, η2, ..., ηk).
To solve diffusion eq 3, we have simulated the electric field

over substrate surface to model a shift in the diffusion activation
energy caused by the interaction of adsorbed atoms with the
near-surface electric field, accounting for the polarizability α of
adsorbed atoms. In this instance, the resulting dipole moment P̃
of an adsorbed atom in the electric field E(r) is P̃ = p ̃ + αE,
where p ̃ is the adatom dipole moment without electric field.
The diffusion activation energy modified due to the presence of
electric field becomes εd̅e = εd̅ + We/kT, and adatom acquires
the energy in one jump across the lattice spacing λ:

α λ= ∂
∂

̃ +W
E
r

p E r( ( ))e (6)

We neglected the electric charges present in the plasma-surface
sheath and thus calculated the electric field near substrate
surface using the Laplace equation Δφ = 0. A boundary
condition of electric equipotentiality over the substrate surface
exposed to plasma was also used. More details on the
calculations and simulation of specific process can be found
elsewhere.47 The calculated electric field pattern (Figure 9b) in
the model system demonstrates strong field strength near NC
surfaces, but has much lower strength between the nano-
particles where the approximately equal charges of the various

particles compensate each other. Stronger diffusion fluxes are
ensured due to the effect of plasma, according to the calculation
results. The calculated pattern of adsorbed atom density
(Figure 9c) in the model system shows high density of
adsorbed particles between the NCs and relatively low density
near NC surfaces as a signature of strong fluxes from the surface
to NCs. The direct result of the plasma effect is a more irregular
pattern of material accumulated on the surface, resulting in
stronger surface fluxes and faster saturation of nanoparticle
surfaces with the carbon-containing material and eventually
leading to supersaturation and nucleation of the nanotube caps
on surface features and curved surfaces of silicon nanocrystals.

■ DISCUSSION

Let us now discuss some details of the carbon nanotubes
nucleation and growth on the oxidized Si NCs. As it has been
demonstrated, CNT growth has been achieved in our
experiments using non-transition-metal catalyst. There have
been numerous studies showing that metals that typically do
not display catalytic activity can support CNT growth when in
oxide form.48−50 Mechanisms that facilitate growth of CNTs on
oxide-based nonmetallic catalysts (e.g., SiO2) are still not
completely understood. However, there is some agreement that
because of the high melting temperature of SiO2 the typical
vapor−liquid−solid (VLS) mechanism predicted during
conventional CNT growth cannot take place.
It was confirmed through simulations on SiO2 nanoparticles

that a semisolid phase was absent during the VLS mechanism,
permitting mechanisms such as vapor−solid−solid (VSS) or
vapor−solid surface−solid (VSSS) to be suggested.51 It is
known that SiO2 does not have the carbon solubility and
catalytic function to decompose hydrocarbons, which is typical
in metal catalysts used for CNT growth, although carbon
solubility in metal catalysts such as Fe has been shown to be
extremely sensitive to changes in temperature and catalyst
size.52 Indeed, the nucleation and growth of carbon nanotubes
on nanosized SiO2 particles was directly demonstrated in
several experiments. In particular, it was shown that the silica
nanoparticles with diameters less than 5 nm efficiently catalyzed
the nucleation of single-walled carbon nanotubes.53 Moreover,
it has been demonstrated that the carbo-thermal reduction of
CHx on SiO2 is restricted to the outer surface of SiO2
nanoparticles. Such a localized carbon density is known to
result in extended polyne chains that cover the surface layers of
the SiO2 particles and form amorphous silicon carbide.54 The
formation of this amorphous carbide layer can slow the
diffusion rate of carbons into the SiO2 layer. Hence, carbon
supersaturation, a known prerequisite for CNT growth, seems
unlikely to occur at the oxides subsurface. Nevertheless, during
the reduction on SiO2, simulations show that CO and H
terminations are dissociated, leaving behind dangling bonds
shown to encourage the continuance of CNT growth after
formation of a SiC layer.55 Owing to the increased curvature for
smaller nanocrystals, it has also been hypothesized that strain at
the nanocrystal surface could break and dissociate bonds
among central atoms, therefore allowing further interaction
with hydrocarbons.48,56

CNTs catalyzed on other metal oxides (i.e., different from
SiO2) have featured quite different growth patterns where the
formation of a rolled-up graphitic appendage was needed to act
as a template before turbostratic CNT growth could occur.18 As
a result of this high activation energy process, lower yields of
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CNT were produced compared with typical dissolution based
growth mechanism.
CNT growth in our case has shown characteristic features

originating from SiO2 catalysts. Growth on silicon oxide differs
from the growth based on other oxides and resembles more
closely the typical growth observed from metallic catalysts.17 In
particular, we found that our NC catalysts were completely
surrounded by a carbon shell exhibiting a tip-growth57 (e.g., see
Figure 6), which is typical in the growth induced by metal
catalysts.
Silicon oxide has reduced catalytic properties compared to

those of metal catalysts; therefore, plasma-induced partial
decomposition of the hydrocarbons is necessary. The intrinsic
chemical properties of silicon oxide contribute to the complete
decomposition of the hydrocarbon radicals at the oxide
surface.37,39 The delivery of largely decomposed hydrocarbons
and carbon atoms to the surface of the oxidized Si NCs also
removes the need for high operating temperatures. Decom-
posed hydrocarbons and carbon atoms can be expected to
adsorb first and then diffuse into the oxide; this is confirmed by
our XPS analysis (Figure 7). However, the formation of a SiC
interface as observed in our XPS measurements will eventually
create a barrier and contribute to slowing down carbon
diffusion through the oxide layer. Once carbon concentration at
the oxide reaches solubility, precipitation of carbon forms a
graphene island consisting of 5-membered rings, which act as a
nucleation site for CNT growth. Therefore, similar to metallic-
based growth, we believe that supersaturation and the
formation of a graphitic cage are the steps that have allowed
CNT growth as supported by TEM analysis.
It is possible that the nanoscale size of the oxidized Si NCs

has an impact on the solubility of carbon atoms within the
oxide because it has been observed for other nanoscale
systems.52 Also, the size of the catalysts may have played a
role in reducing the melting temperature of the oxide shell. The
small size of our particles coupled with the high-energy plasma
could mean that our catalysts may be in a molten/liquid-like
status at the surface as observed for VLS growth, where
movement of Si and O atoms could create a space/hole or
dislocation and facilitate the dissolution of already largely
decomposed hydrocarbons. Carbon dissolution is also eased by
this oxide, which is formed at ambient temperature during
sonication. Oxide grown in this way presents strained bonds,
which may also lead to defective arrangements and can enhance
hydrocarbon radical capture, decomposition, and improve
carbon solubility/diffusion. A high-energy strained surface is
more likely on oxidized NCs versus H-terminated surfaces due
to unconstrained bonding lengths in the latter case. Altogether,
the oxidized surfaces offer suitable characteristics for presenting
surface carbons and high solubility/diffusion. While we cannot
confirm the exact intermediate states, our experimental
evidence confirms the presence of carbon in the oxide layer
and diffusion to the Si−SiO2 interface.
The role of fragmentation has been shown to play an

essential role in the preparation of our oxidized Si NCs
catalysts. In particular, we have observed that the as-prepared
micrometer-sized agglomerates (Figure 1a,b,d) had to be
broken down into single Si NCs or submicrometer
agglomerates (e.g., Figure 1e) before CNT growth could be
observed. This requirement for small-sized agglomerates is
beneficial to direct amorphous surface carbon into curved
graphite and is consistent with the need for small catalysts in
CNT growth activated by metal nanoparticles. Therefore, our

oxidized Si NCs with high surface-to-volume ratio represent
ideal templates for graphene cap formation and CNT growth. It
is clear that the micrometer-sized agglomerates available in as-
prepared samples are far too large to allow for the progression
of any of the growth steps identified above, including carbon
supersaturation and the formation of a suitably sized graphitic
cage.
CNT growth was only successful on fragmented and oxidized

Si NCs (Tox > 1 nm), so the assumption can be made that the
addition of an oxide shell further increases the adsorption of
CHx radicals. However, the role of the oxide thickness is more
complex. In certain situations Si NCs with thin oxide layers
have been unable to catalyze CNT growth. A thin oxide layer
can certainly be expected to reach supersaturation much more
quickly than a thicker oxide and therefore might lead to a high
density of adsorbed carbon atoms very quickly with consequent
poisoning of the catalyst surface. Bare Si NCs (e.g., H-
terminated) might be unsuitable because of the nonsolubility of
carbon in highly crystalline silicon at this temperature range
and the possible formation of surface carbide. In other words,
the oxide thickness has to be suitably matched to the flux of
carbon atoms to allow for supersaturation in the oxide without
excessive carbon adsorption/poisoning at the surface. This
implies that the oxide thickness required for CNT growth is
process-specific and cannot be generalized. At the same time, it
suggests that it may be possible to grow CNTs on Si NCs with
various degree of oxidation by adjusting the plasma process
parameters.

■ CONCLUSIONS

We clearly demonstrated that the CNT growth directly from Si
NCs is reliant on two main factors: nonagglomerated/small
nanocrystal assemblies coupled with an oxide shell thickness of
at least 1 nm. The critical amount of oxide along with the
increased surface-to-volume ratio of nonagglomerated assem-
blies allows for the Si NCs to be used as a viable catalyst for the
growth of CNTs. These factors clearly support the breakdown
of hydrocarbons and/or the physisorption of already
dissociated carbon atoms. Although synthesis directly from
hydrogen terminated silicon does not appear to be a possibility,
the necessary oxide thickness is thin enough for tunneling of
carriers; therefore, we can imagine the construction of an ideal
optoelectronic nanocomponent exhibiting unique quantum
confinement properties.

■ EXPERIMENTAL SECTION
Silicon Nanocrystal Synthesis. Electrochemical etching of a

boron doped p-type wafer (100), 0.1 Ω and 0.525 mm thickness,
produced porous silicon that is mechanically pulverized to produce a
powder containing agglomerated Si NCs. Hydrofluoric acid/ethanol
(1:4) electrolyte was used, and current density equal to 1.52 mA cm−2

was sustained for 90 min.
Colloid Preparation. Around 1.5 mg of Si NCs were dispersed in

both DI water and ethanol. Then, samples were sonicated for set time
periods of 20, 40, and 60 min. The ultrasonication process promotes
the fragmentation of large agglomerates and allows for a more
controlled oxidation through surface exposure to the water-based
oxidizing species.

Sample Preparation. Si NCs colloidal samples that were
subjected to different fragmentation times (0 min, i.e., as-prepared,
20, 40, and 60 min) were then drop-cast (200 μL) on silicon substrate
(1 cm2) and left to dry.

PECVD Process. A 4 min pretreatment with N2 plasma only (10
sccm) was included prior to the introduction of CH4 (40 sccm) for a
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total growth time of 8 min. The operating pressure and temperature
were 21 mbar and 600 °C, respectively.
ATR-FTIR. Attenuated total reflectance FTIR (ATR-FTIR) was

measured using a Thermo-scientific spectrometer. Spectra were
typically collected over a range of 600−4000 cm−1 at a 2 cm−1

resolution.
X-ray Photoelectron Spectroscopy. Chemical compostion was

analyzed using an X-ray source (Al = 1486 eV) and the Kratos
AxisUltra DLD spectrometer. Current and voltage were 10 mA and 15
kV, respectively, along with an operating pressure of 10−9 bar. Specific
region scans (C 1s, O 1s, and Si 2p) were performed at a resolution of
0.05 eV and pass energy of 40 eV. Calibration of obtained spectra was
performed using the C 1s peak located at 284.8 eV.
Scanning Electron Microscopy. A Hitachi S 4300 apparatus was

used to capture images at 20 kV acceleration voltages and a working
distance of 10 cm.
Transmission Electron Spectroscopy. For samples where CNT

growth was detected, TEM analysis was performed using a JEOL
2100-F optical microscope at an acceleration voltage of 200 kV.
Samples where CNTs were grown were mechanically detached and
then transferred onto a carbon holey grid.
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