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The influence of growth condition over structural properties is reported for core-shell SiC/SiO,

nanowires grown on silicon substrates by Chemical vapour deposition (CVD) technique.
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Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM) studies
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show a correlation between the growth temperature and nanowires structure and highlight the

possibility to control the inner core diameter varying precursor concentration.
The nanowires covering of the substrate was considerably enhanced and homogenized using
drop casting surfactant-aided deposition of catalyst on H-terminated silicon 100 surface.

Introduction

One of the most important issues in nanoscience is to reach
well-known and well-controlled growth techniques in order to
obtain reliable structures for nanoelectronics, nanophotonics
and biomedical applications’.

Self-assembly processes are promising to obtain novel
heterostructures at the nano-scale acting as building blocks in
such systems even though the understanding and the control
over this kind of processes still have to be refined.

We recently demonstrated the possibility to obtain a selective
growth of core-shell silicon carbide silicon oxide nanowires on
a patterned silicon substrate?.

Cubic silicon carbide (3C-SiC or B-SiC) is a wide band gap
semiconductor widely studied for its well-known properties
such as its high temperature stability, thermal conductivity,
hardness, chemical stability® and its biocompatibility*® makes
of SiC an optimum choice for devices to be implanted in
biological systems.

Many efforts have been devoted in developing various
synthesis methods to obtain SiC nanowires: CVD technique’ or
direct reactions such as carbothermal reduction of silica® or
catalyst-assisted polymeric precursor pyrolysis method’ are the
most exploited, but also physical vapour transport (PVT)',
laser ablation'', arc discharge'’, growth from solution'® or
carbon nanotube template-mediated growth (also called carbon
nanotube-confined reaction method)'* have been used.

Complex processes and manipulation are involved in many of
these synthetic approaches, while the advantages of the CVD
technique are its low cost, the possibility of high growth rates
on large areas and the control of the shape and composition of
nanostructures by changing the growth parameters.

Core-shell SiC/SiO, self-assembled nanostructures take
advantage of the different materials properties: SiC nanowires
have excellent elasticity and strength, higher than that of bulk
SiC'’ while the silicon oxide shell can be easily functionalized
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in order to develop nano bio-sensors'® and both silicon carbide
and silicon oxide are biocompatible materials.

Moreover we recently demonstrated the 3C-SiC emission
enhancement in these nanowires due to the injection of carriers
from the larger band-gap shell to the narrower band-gap core'’
with the possibility of tuning the light emission changing the
core-to-shell ratio'®.

In the present work we report on the variation of the self-
assembled 3C-SiC core-shell nanowires radial structure
changing the synthesis parameters, in particular the nanowires
were synthesized at different temperatures and precursor
concentrations with different catalysts to demonstrate the
possibility to achieve a better control over shape and presence
of the core.

In addition we developed a technique to obtain a uniform
nanowires spatial density on silicon substrate by varying the
catalyst solution composition.

Many studies highlighted nickel stimulation of neoplastic
transformation'®, consequently, in addition to the more
commonly used nickel, iron catalyst was studied because it is
more suitable for biomedical applications. The growth
conditions comparison between iron nitrate and nickel nitrate
catalysed nanowires (From here FecatNWs and NicatNWs) was
carried out in order to verify the effect of different catalyst.

Experimental

The nanowires synthesis was performed in a CVD reactor on Si
(100) substrate with carbon monoxide (CO) as gaseous
precursor. Nickel nitrate (Ni(NO;),) and ferric nitrate
(Fe(NO3);) were used as catalysts.

Instead of utilizing a solid mixture of WO; and C as CO source,
as previously proposed by Park et al.”’, gaseous CO was used,
allowing to obtain the control of precursor flow and
concentration over time. Moreover this makes it possible to
start the synthesis at the desired temperature, while, using the
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solid precursor, the CO would be released at a fixed
tempera‘ture2 '

The catalysts were dissolved in ethanol and a non-ionic
surfactant (oleylamine - O7805 Aldrich) was added to enhance
ethanol wetting of silicon.

Substrates were previously cleaned with ultrasonic bath in
organic solvent, etched in a hydrofluoric acid (HF) aqueous
solution for 120 s to remove silicon oxide, rinsed in deionized
water, dried in nitrogen atmosphere, dipped in catalyst solution
and then dried at 40° C in air.

Substrates were positioned in the CVD system growth chamber
which was then purged with N, to remove oxygen. Once
reaching the growth temperature, after a short time for
stabilization, CO was introduced for 15 minutes. Finally the
growth chamber was cooled down to room temperature in
nitrogen atmosphere.

The morphological characterization was carried out by Field
Emission Gun Scanning Electron Microscope (FEG-SEM) (Jeol
- 6400F). Radial structure was studied using Transmission
Electron Microscope (TEM) (Jeol — JEM 2200 FS) for High-
Resolution (HR-TEM) studies, High Angle Annular Dark Field
imaging in Scanning mode (HAADF-STEM) and Energy
Dispersive X-ray (EDX).

Results and discussion

Silicon wafer HF treatment is a very well-known technique to
remove silicon surface oxide and to obtain a stable H-
terminated surface. The result of this process is a (100) Si
surface with most of Si atoms bonded with 2 hydrogen atoms
each (Figure 1) and small percentage of them bonded with 1 or
3 hydrogen atoms or oxygen or fluorine depending on the
conditions of etching treatment (HF concentration, time,
temperature, pH).

Water rinse after this treatment tends to remove fluorine
terminations and to replace them with hydroxyl groups®*.
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Figure 1: The possible mechanism of Si-H bond formation on
Si (100) surface by HF-etching treatment (after Ubara et al.*?).

The H-terminated silicon surface is hydrophobic, and the
wettability is limited for water and ethanol. Following the
classical Young equation for the contact angle of a liquid
droplet on a solid surface?, Ysv = Yoo + Y1y €080 (where vy, Ya
and vy, are, respectively, the surface tension between the solid
and the vapour, the solid and the liquid and the liquid and the
vapour, while 0 is the contact angle), the reduction of the
contact angle can be achieved either decreasing vy, and vy, or
increasing vys,, which means, in other words, a reduction of the
total excess free energy”. We chose to reduce the ethanol
solution surface tension by adding a non-ionic surfactant:
oleylamine was added to catalyst ethanol solution, leading to
the formation of a uniform film on silicon substrate after
catalyst solution drop casting on silicon substrate. The liquid
solution is easily dispersed onto the silicon surface thanks to the
surfactant laying between the hydrophobic surface and the polar
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liquid. A schematic view of surfactant distribution on H-
terminated 100 Si surface is shown in Figure 2.

Figure 2:
terminated silicon 100 surface: each surface silicon atom
(bigger spheres on the bottom of the image) is bonded to two
hydrogen atoms (smaller spheres on the bottom). The
hydrophobic part of oleylamine molecule (curvy tails of the
molecules in the center of the image, in violet) is close to the
silicon surface, while hydrophilic part (red spheres in the upper
part of the image) is in contact with the polar ethanol solution
(not shown in the image).

Thanks to the presence of the surfactant, even during the drying
process, when ethanol evaporates and the catalyst concentration
increases, the wetting of the substrate remains complete until a
film of dry nitrate is formed on the silicon.

Both Ni(NOs), and Fe(NOs); undergo a decomposition during
heating phase: nickel(Il) nitrate decomposes to nickel(II) oxide
and iron(Ill) nitrate to iron(Ill) oxide®®, subsequently the
dewetting process takes place and the catalyst forms droplets or
“islands” on the substrate surface, in the same way as it
happens in conventional vapour liquid solid (VLS) growth?’.

A uniform catalyst distribution allows to obtain substrates fully
covered with core-shell SiC/SiO, nanowires after the synthesis.
A comparison between different nanowires samples is shown in
Figure 3 (a) and (b).

The sample in Figure 3a was prepared using a solution of
Ni(NO3), in ethanol and simply depositing it on the silicon
substrate. The result is the formation of some areas on its
surface where there is higher nanowires spatial density (white
stains). On the contrary the sample in Figure 3b was
synthesized using the same catalyst solution added with
oleylamine surfactant: the whole surface has a uniform grey
colour because there is a constant nanowires spatial
distribution. The growth conditions were: catalyst: Ni(NO;),
growth temperature:1100° C, [CO] = 4%o for a growth time of
15 minutes. Similar results were obtained with Fe(NOj); as
catalyst.

Areas covered with high density nanowires bundles are easily
recognizable even with naked eye observation: the colour of the
substrate is white or light grey. SEM images of the two samples
are reported in fig. S1 in supplementary information.

This journal is © The Royal Society of Chemistry 2012
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Figure 3: (a) silicon substrate covered by core shell SiC/SiO,
nanowires (white areas) with catalyst deposition without using
surfactant. (b) sample with core shell SiC/SiO, nanowires
grown after catalyst deposition using oleylamine surfactant.

Figure 4 reports the size distribution of the NWs grown with
different catalyst: the length for both samples is tens of
microns, while the diameter for FecatNWs is slightly greater.
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Figure 4: Wire diameters distribution for a sampling frame of
100 elements: the average is 49 nm for NicatNWs and 68 nm
for FecatNWs

There isn’t any evidence of morphological differences between
the two sets of samples (FecatNWs and NicatNWs), nanowires
form uniform bundles on all substrate as it can be seen in
Figure 5a and it is possible to assess the presence of the catalyst
on the nanowire tip suggesting a growth mechanism
comparable to VLS. From SEM backscattered -electrons
observation and Transmission Electron Microscopy High-
Angle Annular Dark-Field imaging (TEM-HAADF) (fig. S2 in
supplementary information) it is possible to assess the presence
of high-Z elements in the tip.

From TEM studies (Figure 5b), the nanowires are shown to
exhibit a core-shell structure with an average core diameter of
20 nm. The core is 3C-SiC univocally identified by the crystal
symmetry and the lattice spacings, the orientation is <111> axis
along the growth direction and we observed the occasional
occurrence of stacking faults along (111) planes (Figure 5c).

This journal is © The Royal Society of Chemistry 2012
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Figure 5: (a) Top view SEM image of a typical iron nitrate
catalysed nanowires sample. (b) TEM false coloured image of a
nanowire. The SiC core is highlighted in green, the SiO, shell is
violet, while the catalyst tip is blue. (¢) TEM high resolution
detail of the wire: the crystalline order in the 3C-SiC core is
clearly visible. In the lower-left part some stacking faults in the
core SiC structure are evident as darker and lighter lines. In the
inset the fast Fourier transform of the image.

J. Name., 2012, 00, 1-3 | 3



CrystEngComm

ARTICLE

The N'W tip is crystalline, as verified by High Resolution TEM
studies (Figure 6 a), and it contains the metal catalyst (Ni or Fe)
alloyed with silicon (see a representative TEM-EDX spectrum
reported in Figure 6b to form silicides or sometimes silicates,
with traces of carbon.
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Figure 6 a) High resolution TEM image of a single NW tip of
the iron nitrate catalysed sample. The corresponding Fast
Fourier Transform is shown as inset. (b) EDX spectrum
acquired in spot mode on the NW tip. Silicon and iron peaks
are detected (and Copper from TEM grid).

The effect of growth temperature on morphological and
structural properties was investigated varying from 1050°C to
1150°C. The results are presented in Figure 7 and summarized
in Table 1. With lower temperature (1050°C) in NicatNWs
samples it was possible to observe NWs of pure SiO, (with
1<x<2)* without any SiC core. In the case of FecatNWs the
growth does not occur, but it’s possible to observe the catalyst
dewetting (see fig. S3 in supplementary information). TEM
images of samples synthetized at T=1070° are shown in Figure
7 (a) and (b): nickel catalysed NWs have core-shell structure
and some silicon oxide only, meanwhile FecatNWs are all SiO,
nanowires. We obtained regular core-shell structure for both
NicatNWs and FecatNWs synthesized at 1100°C as pointed out
in Figure 5. The results of the synthesis carried out at 1150° C
are shown in Figure 7 (c) and (d): TEM observation reveals the
growth of SiO, NWs without the core-shell structure.
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(a)

NicatNWs
1070°C

(c)

NicatNWs
1150°C
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Figure 7: Temperature effect on core %ormatlon for Ni(NO3),
and Fe(NOs); catalysed nanowires

Table 1: synthesis result for different growth temperatures and
different catalysts
Synthesis T Ni(NO;), catalysed

Fe(NOj3); catalysed

((®)] NWs structure NWs structure

1050 Amorphous No growth

1070 Core/shell + Amorphous
Amorphous

1100 Core/shell Core/shell

1150 Amorphous Amorphous

Introducing gaseous CO in the system instead of using solid
state precursors allows a precise tuning of precursor
concentration over time. The effect of different CO
concentration on the NWs radial structure was studied. As a
reference a concentration of 4%0 was chosen. For all of these
experiments the growth temperature was 1100° C, to guarantee
the core-shell structure (see Table 1).

With lower concentration (2%o) (Figure 8 (a)) there was a
significant reduction of core diameter in all the wires with
respect to standard conditions (4%o), while increasing the CO
concentration (16%.) (Figure 8 (b)) didn’t lead to any
significant morphological and structural change.

This journal is © The Royal Society of Chemistry 2012
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(a)

100 nm

Figure 8: Images in false colours: the SiC core is highlighted in
green and the SiO; shell is violet. (a) STEM-HAADF image of
a sample synthesized at lower precursor concentration. (b)
TEM image of two wires in a sample synthesized at higher CO
concentration. In dark-field imaging (a) the core, with a higher
density is brighter, while in bright field (b) the core is darker.
The average core radius in samples grown with lower CO
concentration is inferior.

A change in the precursor concentration seems to have minor
effect on the wires diameter. The variation of core and shell
diameters is summarized in Figure 9.
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Figure 9: variation of core and shell diameter versus precursor
concentration (in logarithmic scale)

Conclusions

Using a simple thermal CVD system it was possible to
synthesize core/shell SiC/SiO, nanowires on silicon substrates
using gaseous precursor (CO).

It was demonstrated that using a commercial surfactant it was
possible to obtain a uniform catalyst layer on silicon substrate
and consequently a homogeneous growth .

Varying growth parameters it was found a way to control SiC
core presence and diameter inside the wires. It was found that
wires’ core diameter is proportional to precursor concentration
during the synthesis, in addition there is a direct influence of
growth temperature over the formation of the SiC core.
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