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of Formation of SiC-SiO, Core—Shell Nanowires
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Silicon carbide nanowires are valuable for electronic and optical applications, due to their high
mechanical and electrical properties. Previous studies demonstrated that nanowires can be
produced easily, by mixing a silicon-based compound (Si or SiO,) with a carbon source (C or
SiC), in an inert gas atmosphere (Ar or He). The result of this reaction is an elevated number of
core—shell SiC-SiO, nanowires. The mechanism of formation of these wires should be inquired,
in order to control the process. In this work, SiO, and SiC are chosen as raw materials for
SiO(g) and CO(g) production. These two gases react at SiC surfaces and generate the core—shell
nanowires. SEM, TEM and XPS analyses confirm the composition and the microstructure of
the product. A three-step mechanism of formation is proposed. The formation of nanowires is
compared with thermodynamics of reactions occurring in the Si-C-O system. It is found that
nanowires develop in wide temperature and SiO partial pressure ranges (T: 924 °C to 1750 °C,
psio = 0.50 to 0.74). Higher He flows will shift the reaction to lower temperatures and psjo.
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I. INTRODUCTION

SILICON carbide has been heavily investigated in the
recent years, due to its high thermal, electrical and
mechanical properties. Some of these properties are
preserved also in extreme conditions, for example in the
thermal protection applications. SiC is used also as
semiconductor material for transistors and sensors.
Applications of SiC nanomaterials range from rein-
forcements in epoxydic materials to light-emitting
devices.!'?!

SiC nanostructured materials can be produced in a
wide range of temperature and gas composition. Most
of the studies are performed at atmospherlc pressure,
utilizing a simple production method.”2* The proce-
dure is always based on the same principle. A mixture of
raw materials (Si or SiO,, C or SiC, Ar) is heated, until it
produces a gas phase, consisting mainly of SiO(g) and
CO(g). The gas mixture will react once it reaches a lower
temperature substrate. Reaction (1) will be the nanowire
production reaction from the gas phase. In this case,
core—shell SiC-SiO, nanowires would form without
requiring any added catalyst to the system. These
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materials can either be used for electronic application
as they are or treated with leaching to remove the oxide
shell. Small overpressures to 1.5 atm do affect
microstructure.?!

3Si0(g) + CO(g)28i0s(s, 1) + SiC (s) 1]

Different synthesis approaches may influence the
formation mechanism of SiC nanowires, and conse-
quently their final microstructure and composition.
There are many theories concerning the mechanism of
formation of SiC nanowires. The most common are
vapor—solid growth, vapor-liquid—solid growth >3
and oxide-assisted growth (OAG).!'"'*2*%] The OAG
mechanism explains the formation of the core—shell
nanowires, with oxides on the shell phase. The partial
pressure of SiO(g) in the gas phase (psio) is believed to
be the driving force for Reaction (1), which undergoes
out of equ111br1um conditions.[*?:26-3%

Broggi et al.” study the thermodynamics for another
reaction, which occurs simultaneously with Reaction (1)
and produces a Si-SiO, mixture from SiO(g) and CO(g).
First, a mass balance is assessed between the SiO-CO
gas mixture produced and the products collected, which
are the SiC-SiO, nanowires and the Si-SiO, mixture.
Psio in the gas is calculated before and after the two
reactions occurred. Then, the temperature and the
position of the products in the crucible are related by
measuring the temperature gradient in the setup.
Finally, ps;o is related to temperature by locating where
condensation started and ended in the crucible.


http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-020-02014-4&amp;domain=pdf

The aim of this paper is to use the mass balance,
temperature measurements and ps;o calculations of the
experiments by Broggi er al.,*® to discuss the thermo-
dynamics of Reaction (1). This work is complementary
to Broggi et al.P® whose aim was to discuss the
thermodynamics of the Si-SiO, mixture formation.
Relevant earlier results are also reported. The paper
discusses the effect of gas composition on the amount of
nanowires and on their temperature of formation. In the
end, a dedicated OAG mechanism is described for
SiC-SiO, core—shell nanowires. The mechanism is based
on SEM and TEM characterization of nanowires and
comparison with previous works from literature.

II. EXPERIMENTAL SECTION

All the information about raw materials characteri-
zation, pellets preparation, temperature measurements,
furnace operation, sample preparation and characteri-
zation are described by Broggi er al.?®! At the bottom of
the graphite tube furnace there is a gas production
chamber, which gives SiO(g) and CO(g) from SiC and
quartz pellets. The gas ascends, pushed by He(g) or
Ar(g), and produces nanowires on the SiC particles in
the reaction chamber. The reaction chamber has a
vertical temperature gradient, measured either by a
triple-point thermocouple, or by a single-point thermo-
couple placed at different positions during each exper-
iment repetition. The experimental setup is drawn in
Figure 1.
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Fig. 1—Schematic overview of the graphite tube furnace setup.
Reprinted with permission ¥ 2019, Met. Mater. Trans B.

The injected gas flow and holding time were varied
between each series (Table I). A new experiment was
added SExperiment 2a in this work), compared to Broggi
et al.®™ The series are marked with a number from 1 to
7, and by a letter from «a to e, defining the repetition of
each series.

TEM samples were analyzed with the same micro-
scope as Broggi et al.,”® but collected in a different way.
Samples were scratched from the SiC particles. The
scratched crumbs were mixed with isopropanol. A
droplet of the solution was extracted and placed on a
copper TEM grid. After drying overnight at 120 °C, the
sample was ready for analysis.

III. RESULTS

After every experiment, the majority of the SiC
particles in the reaction chamber were covered into
two different kind of layers, called, respectively, blue
and white condensate. The layers can be easily removed
by scratching the SiC substrates. When scratching white
condensate, blue condensate often appears. Both blue
and white layers appear as a disordered web of
nanowires (Figures 2 and 3). Some of the nanowires

Table I. Experimental Conditions: Holding Times at 2000 °C
(2273 K) and Gas Flows

Series Time [h] Gas flow [l min~']
1 (a) to (e) 1 0.40
a = Ar
b—e = He
2 (a) 0.5 0.10, He
3 (a) 1 0.10, He
4 (a) 1 0.05, Ar
5(a) 0.5 0.02, Ar
6 (a) to (e) 1 0.02, Ar
7 (a) 4 0.02, Ar

Fig. 2—Blue condensate from Experiment 4a, 1150 °C to 1250 °C.
Reprinted from Ref. [21] under the terms of the Creative Commons
CC BY 4.0 license.”.
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Fig. 3—White condensate from Experiment 5a, 77 = 1150 °C to
1750 °C.

are embedded in nodules, especially where the nano-
wires are close. The size of the nodules ranges between
0.25 and 1.0 um. There are more nodules in the white
condensate than in the blue.

The blue condensate appears both at the top and at
the bottom of the condensation chamber, in the tem-
perature ranges 900 °C to 1250 °C and 1610 °C to
1800 °C. The white condensate generates between
1150 °C and 1780 °C (Figure 3). The nanowire produc-
tion starts from the highest temperatures, and propa-
gates upwards in the condensation chamber, toward
lower temperatures.

A. TEM Analysis

1. Blue condensate

Blue condensate was collected for topographic and
compositional analysis. A sample was extracted in the
position zones corresponding to 1180 °C to 1500 °C
from Experiment 6c. The wires exhibit a core—shell
structure. The core and shell sizes are marked on
Figure 4. The shell can coat many wires at the same
time. The core size ranges around 10 to 20 nm in
diameter, and the external layer can give a nanowire size
up to 70 to 80 nm width. The nodule diameter can reach
up to 200 nm.

Figure 5 shows Electron Dispersive X-ray Spec-
troscopy-Electron Energy Loss Spectroscopy
(EDX-EELS) line compositional scanning of a single
wire in the proximity of its tip. Si concentration
increases when going toward the core. The same
happens to C, whereas O follows the opposite trend.
Stacking faults in the core phase can be noticed from
Figure 6. The plane spacing was measured to be
between 2.2 and 2.5 A, which corresponds to the results
from Hu et al.""'* The composition of the core phase is
3C-SiC, even if the lateral side of the core phase is not
perfectly crystalline. The shell phase, containing oxygen
and silicon, can be identified as SiO,. The shell phase did
not show any preferential crystallographic orientation.
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Fig. 4—Dimension of core and shells in nanowires of blue
condensate.
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Fig. 5—Line scanning of blue condensate nanowire tip. Elemental
analysis of silicon (gray), oxygen (blue) and carbon (green) in counts
per second.



2. White condensate

Figures 7 and 8 show the typical features of white
condensate. First, the nanowires have similar thick-
nesses with respect to the blue condensate. The nodules
are placed periodically on the surface, as pearls on a
necklace. Some of the wires (or some portions of them)
are not covered by the SiO, shell phase. Stacking faults
form in the core phase (Figure 7) regardless from the
microstructure of the shell phase.*"! Figure 8a and b
takes also a closer look at the interface between the core
and the shell phase. SiO, nodules can stick to more than
a SiC nanowire at the same time (Figure 8a). The shell

Fig. 6—Zoom on a nanowire tip and diffraction pattern of the
picture. Stacking faults between atomic planes can be see in the core
phase. Reprinted from Ref. [21] under the terms of the Creative
Commons CC BY 4.0 license.”.

1pm
j—

phase has a curved surface (Figure 8b). A well-defined
interface is present between the SiC core and the
amorphous SiO, nodules.

EDX eclemental mapping was taken in proximity of a
nodule, to verify the core and the shell compositions
(Figure 9). A portion of a wire is not covered by the
shell phase, on the right side of the picture. On the right
side, the nanowire is visible both in the Si and C
mapping. O and Si are present in the nodule. To
summarize, the core phase is made of Si and C only, and
the shell is made of Si and O.

B. XPS Analysis

Both the samples for XPS were extracted from
Experiment 6c¢, in the temperature range 7" = 1580 °C
to 1706 °C. Figure 10 shows the surfaces from which the
spectra were collected. Sample 1 is a SiC particle covered
in the blue condensate. Sample 2 is a scale detached
from a SiC particle. Sample 2 has both blue and white
color, therefore the analysis was carried out on each
color zone (2.1 and 2.2 in Figure 10).

Figures 11, 12, and 13 show the XPS spectra collected
for the three inquired points. All the spectra present four
well-defined peak groups. Peaks in the 530 ¢V area are
coming from O-1s electrons. C-1s electrons are revealed
at 280 eV, whereas Si-2s and Si-2p are revealed at 150
and 100 eV, respectively. The atomic composition
calculated from the survey spectra are close to the
expected composition, i.e., a Si0,:SiC = 2:1 molar ratio
mixture. This mixture consists of 37.5 at. pct Si, 50.0
at. pct O and 12.5 at. pct C.

Each peak group will describe how the electrons of
different atoms from different orbitals would interact.
The O-1s and Si-2s electrons give a single characteristic
peak, respectively, at 532.5 and 152 eV (Figure 14). Si-2s
and O-1s electrons are involved in Si=0O bonds, which
would occur in silica. This happens for every sample
analyzed.

60.82 nm

200 nm

Fig. 7—Nanowires from Experiment 6¢c, 7 = 1500 °C to 1580 °C. (@) Bead structure; (b) Stacking faults in SiC nanowire. Reprinted from Ref.

[21] under the terms of the Creative Commons CC BY 4.0 license.”.

METALLURGICAL AND MATERIALS TRANSACTIONS B



Fig. 8—Nodules, shell and core phases of SiC-SiO, nanowires. Experiment 6¢c, 7 = 1500 °C to 1580 °C; («) Image obtained by Selected Area
Diffraction Analysis in Bright Field (SADA-BF). (b) Image obtained by High Angle Annular Dark Field Scanning Transmission Electron
Microscopy (HAADF-STEM).

Layered image Si-Kau

C-Ka O-Ka
Fig. 9—EDS mapping of Si (red), C (green) and O (light blue) of a nodule and incoming wire, from TEM analysis of white condensate. Sample

from Experiment 6¢, T = 1500 °C to 1580 °C.
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Fig. 10—(a) Sample 1; (b) Sample 2, positions of points 2.1 and 2.2.
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Fig. 11—Survey spectrum of sample 1, blue condensate.
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Fig. 12—Survey spectrum of point 2.1, blue condensate.

Name Pos. FWHM  Area At%
O1s 53213 212 110344.31, 39.81
Ci1s 28463 3.77 2111438 | 22.32
Si2p 10313 213 2927299 | 37.87
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Fig. 13—Survey spectrum of point 2.2, white condensate.

The electrons involved in Si-O, Si-Si and Si-C bonds
belong to the Si-2p and C-1s groups. The spectra of
these groups are shown in Figures 15, 16, and 17. The
Si-2p spectrum shows only two major peaks. The first is
located at 103.5 eV (Si-O), and the second between 100
and 101 eV (Si-Si). The second peak often splits into two
peaks, as the Si-C and Si-Si peak overlap. In the C-1s
group, the most present bonds are C-C and Si-C
(carbide). Other minor peaks such as C-O-C, C=0,
C-OH and C-O=C were detected. They are usually
associated to organic impurities on the surface. The
carbide signal in the C-1s sub-spectrum is relatively
strong (35.72 at. pct).

Since the substrate particle is also made of SiC, the
C-1s peaks could receive some signal from the substrate
as well. However, the X-rays penetrate down to a few
nm. The wires are entangled in a thick web, with small
free spaces between them. Only small part of the XPS
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Fig. 14—(a) O-1s electron XPS spectrum; (») Si-2s electron XPS spectrum, sample 2.1.
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Fig. 15—(a) C-1s electron XPS spectrum, (b) Si-2p electrons XPS spectrum. Sample 1, blue condensate.

detected signal would come from the substrate, as it will
encounter many obstacles on its way toward the
substrate surface.

IV. DISCUSSION

A. Partial Pressure and Temperature of Formation

The nanowires produced with this process look very
similar to the core—shell nanowires produced in previous
works.P 2 The difference lies in the raw materials
chosen for the gas production. Carbon was used in
many previous works,[”"""" 132 instead of SiC. Com-
mercial carbon powders are preferred since they are
cheaper and easily available, compared to SiC. Despite
that, the gas production reactions would be the same. In
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fact, SiO, can react with C through Reaction (2). Once
SiC is generated, Reaction (3) would take place in the
pellets crucible, above 1450 °C.B132 In other words,
Reaction (2) can be “bypassed” by mixing SiO, and SiC
in the pellets.

Si0,(s,1) + 3C(s) — SiC + 2CO(g) 2]

28i0,(s, 1) + SiC(s) — 38i0(g) + CO(g)  [3]

Silicon carbide and silicon were found on the graphite
walls of the %as production zone, thanks to Reactions (4
through 6).7%1 The reactions might be a cause of
reduction of SiO(g) content in the system, making ps;o
lower than expected.
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Fig. 16—(a) C-1s electron XPS spectrum, (b) Si-2p electrons XPS spectrum. Sample 2.1, blue condensate.
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Fig. 17—(a) C-1s electron XPS spectrum, (b) Si-2p electrons XPS spectrum. Sample 2.2, white condensate.
SiO (g) + 2C(s) — SiC + CO(g) [4] 2Si0(g)Si(s, 1) + SiO;(s, 1) [7]
Table II collects all the temperature and pressure
) ) ) parameters, together with the amounts of Si-SiO,
2SiC + SiOs (s, 1) — 3Si (1) +2CO(g) [5] mixture and SiC-SiO, nanowires, for each experiment.
The amount of SiC-SiO, nanowire tends to be higher
when pgio.in increases, i.e., at lower He/Ar gas flows. In
SiO (g) + SiC(s) — 2Si(l) + CO(g) [6] fact, Experiments Ic, 3a, 4a and 6a have an increasing

The partial pressure and temperature of formation
concepts of Tsio,in, Psion, TSiO.RIstart, PSiORIstarts
Tsio.out and psioou are the same as in Broggi et al 8
However, in this work the notation R/ refers to
nanowires formation, and not to the Si-SiO, mixture
production. The Si-SiO, mixture production from
SiO(g) will be called Reaction (7).

amount of nanowires produced. However, the masses of
both condensation products change often between
experiments from the same series. This can be attributed
to the irregular profiles of the SiC particles chosen, and
how they pack in the condensation chamber. In fact,
nanowires production fills the void between SiC parti-
cles, and clogs the system. If the gas does not flow
upwards, it will be kept in the condensation chamber.

METALLURGICAL AND MATERIALS TRANSACTIONS B



Table II. Partial Pressures of SiO(g), Temperatures and Condensates Mass Measured in Each Setup. Reprinted with Permission
and Updated from Ref. [28]
Gas Flow [l min~'] 0.4 0.4 0.1 0.1 0.05 0.02 0.02 002 0.02 0.02 002 0.02
Holding Time l1h lh 05h 1h lh 05h 1h lh 1h 1h lh 4 h
Experiment 1b Ic 2a 3a 4a Sa 6a 6b 6¢ 6d 6e Ta
Dsio.in 0.619 0.619 0.712 0.712 0.731 0.742 0.742 0.742 0.742 0.742 0.742 0.742
DSiO.R1I start 0.610 0.611 0.707 0.709 0.725 0.740 0.738 0.741 0.740 0.739 0.740 0.740
Psio,out 0.537 0.534 0.676 0.671 0.686 0.731 0.705 0.732 0.723 0.715 0.731 0.731
Tsio.in [°C] 1815 1815 1815 1815 1815 1815 1815 1815 1815 1815 1815 1815
Tsio.r1.start [°Cl 1725 1725 1725 1750 1750 1750 1750 1750 1750 1750 1750 1700
T, [°C] 1019 924 1247 1101 1279 1377 1268 1387 1268 1209 1427 1134
Mass of Si-SiO, Condensate [g] 0.38  0.24  0.00 0.15 140 0.10 1.65 0.11 0.11 070 0.12 0.20
Mass of SiC-SiO, Nanowires [g] 1.71  2.27 1.73 237 261 088 370 0.838 1.38 1.98 1.78 1.14
1.0
8 SiO(g) + SiC(s) = 2 Si(l) + CO(g)
0.8
0.02 I/min
0.7 : _ = O@
0.05 I/min 0.10 I/min G
0.6 %
0.40 I/min
2 05
[oX
0.4
0.3
0.2
0.1
SiO(g) + 2 C(s) = SiC(s) + CO(g)
0.0 ==
900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Temperature (°C)

Fig. 18—Equilibrium partial pressure of SiO(g) for Reaction 3 through 7 and comparison with ps;o at different inert gas flows.

Most of the nanowires are found between 1400 °C and
1600 °C.2"! Experiments 4a and 6a became so clogged
that it was necessary to destroy the graphite tube, to
extract the SiC substrates from the condensation
chamber.

The effect of the holding time can be seen by
comparing series 5-7. Experiments lasting for shorter
times will produce smaller amount of condensates.
Experiments of series 6 produced more condensates
than experiment 7a. Vangskasen!*® showed that white
condensate softens and shrinks if heated above 1600 °C.
This was interpreted as a back-reaction to SiO(g) and
CO(g).

The composition of the gas phase in each experi-
ment can be compared to the equilibrium composition
of the gas in different reactions (Figure 18). Five
curves are marked with reaction equilibria of Reac-
tions (1, 4 through 7). In the reaction equilibria
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curves, the products on the right-hand term are
stable when the temperature and gas composition
coordinate lies at the right-hand side (or above) of the
reaction curve.

The curves confirm that all the products found in the
condensation chamber are thermodynamically stable. In
fact, Reaction (1) and (7) involve the condensation
products. Reaction (4) is responsible for the formation
of SiC on the graphite walls. Reaction (5) and (6)
produced silicon in the gas production chamber walls.
Vangskdsen states that elemental Si droplets are found
between the nanowires. If that was the case, Si would be
thermodynamically favored at temperatures below
1800 °C. However, Reaction (6) is shifted to SiO(g)
and SiC where nanowires formation occurs. Si droplets
were not found during nanowires characterization. The
SiC particles do not interact with SiO(g) during
nanowire formation.
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Fig. 19—Closer focus on partial pressure of SiO(g) and gas
temperature in the experiments.

The straight lines in Figures 18 and 19 show the
temperature and gas composition intervals in which an
experiment took place. Where the line is dashed,
nanowires did not form. On the other hand, Reaction
(1) occurred when the line is continuous. The edges of
the lines have coordinates (Tsio.in; Psio.in) and (Tsio out;
Dsio.out)- The transition between a dashed and contin-
uous line identifies the condition (Tsio.Rr1start
PSiOR1 start)-

Figure 19 shows the differences between the straight
lines in the psio range 0.50-0.75. Lines with similar
colors have been collected according to the chosen He/
Ar injected gas flow. The gas is still very rich in SiO(g),
compared to the industrial off-gas of silicon production
plants. The mass balance for the industrial off-gas
calculated by Schei er al®” estimates a pgio of 0.05.
Reaction (1) and (7) together capture between 10 and
20 pct of the initial SiO(g) content. Other reactions, such
as Reaction (4), may play a major role in SiO(g) capture,
compared to Reactions (1) and (7).

B. Reaction Mechanism

The reaction mechanism proposed is based on the
theory of the OAG mechanism by Noor Mohammad,”!
combined with experimental results and theories from
other works. Nanowire formation will take place into
three steps: incubation, growth, and termination. The
incubation is the seed generation step (Figure 20). The
seed is the base of the nanowire, which is attached to the
substrate. SiO(g) has unsaturated chemical bonds, and
would rather be absorbed on the surfaces, generating
more SiC seeds from chemically active sites at high
temperatures.!'” SiC and SiOy are produced at the same
time and close to each other, due to Reaction (8). For
x=2, Reaction (1) and (8) are equal. Reaction (8) occurs
on the nanowire sidewalls and the substrate surface.

The subscript x is used, since the stoichiometry of the
oxide phase is uncertain at nanometric sizes. Quantita-
tive analysis is not reliable at nanometric scale. Previous
works also refer to SiO, and not to SiQ,.[7&11713]

Al i Si0(g) + CO(g) — —2 SSIO(1) +SiC 8

(a) (b)

Fig. 20—Stage 1: Incubation. (a) Deposition of nanoclusters; (b)
Reaction zone during incubation. Green = SiC(s); Orange: SiO.(1).

The SiC seed grows laterally during incubation. The
SiO, external layer is generated before the vertical
growth starts. SiO, will use its dangling bonds®** to bind
with SiC seeds sidewalls. SiO, should prevent diffusion
of the vapor species through the sidewalls, limiting the
lateral growth. SiC and SiO, will be the only species
allowed to diffuse through the nanowire sidewalls.
However, such species will have limited diffusion rates
because of their high molecular mass.[*”

Growth (Figure 21) starts when the lateral growth of
the seed is completed, i.e., once SiO (1) has wrapped the
SiC seed. Growth continues in the preferential direction.
A reaction zone will generate above the seed. The
reaction zone is a liquid droplet of SiO.(1), with solid
SiC particles. The droplet is generated above the seed,
and assumes the configuration seen in Figure 6. SiC and
SiO, are immiscible, as shown by the wettability tests
performed by Vangskasen.*® Solid SiC tends to sink at
the at the center of the droplet and favor the vertical
growth of the seed.

SiO(g) decomposes into Si(l), SiO»(1) and SiO (1)**+3!
and Reaction (8). In this area Si(l) can react with CO(g)
to form SiC and SiO, by Reaction (9). SiO () and
SiO,(1) can react with CO(g) to generate SiC and CO,(g)
(Reactions (10 and 11)P% The unreacted oxides will flow
and accumulate to the lateral side of the nanowire,
creating SiC domains with different orientations at the
sides (Figure 6). Reaction (10) is equal to Reaction (11)
for x = 2.

3Si(1) + 2CO(g) — 2SiC(s) + SiOs (s, 1) [9]

SiO(1) + (x +2)CO(g) — SiC(s) + (x + 1)COx(g)
[10]

SiO5(1) + 4CO(g) — SiC(s) +3COs(g)  [11]
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Fig. 21—Stage 2: (a) Growth; (b) Configuration of nanowires during
growth. Green = SiC(s); Orange = SiO,(l); Red = shell phase.

During growth, oxygen atoms diffuse eventually into
the droplet. A small fraction of oxygen is still present
after the initial crucible purging procedure. Oxygen can
come from air leakages in the furnace. Crystallographic
defects such as stacking faults will generate, as found
during TEM analysis (Figures 6 and 7b) and as sug-
gested by Hu et al.!'?

The shell phase can be liquid, despite the melting
point of SiO, is not reached. Nanowire production
occurred between 924 °C and 1750 °C, whereas bulk
silica melts at 1710 °C. TEM characterization shows
that SiO, nodules assumed a droplet shape. SiO, can
still be present in liquid state below 1710 °C for two
main reasons. The first is the exothermic behavior of
Reaction (1).*%3% The local temperature can increase
above the melting point, favoring a phase transition.
Reaction (1) has an enthalpy of AH°= — 1367.677 kJ
mol~' at 1800 °C, as computed by the software HSC
Chemistry 9. The second is the melting point depres-
sion effect.’) It has been known for a long time that the
particle size affects the melting point. Nanosized systems
have lower melting points compared to the bulk system,
as surface energy contributions will enter the thermo-
dynamics of formation of new phases. Further knowl-
edge about the evolution of the shell phase during
growth is given in Broggi er al.*!

The last stage of nanowire formation is called
termination. The reaction zone will be active if the
SiO(g) partial pressure and temperature conditions shift
Reaction (8) to its products. If these conditions are not
satisfied, the growth will stop, and the droplet will
solidify at the top of the nanowire. SiO, solidifies also
when the shell phase is large enough to avoid melting
point depression, or when the energy freed by Reaction
(8) is not heating the system locally. Figure 22 sketches
the termination processes and the final configuration of
the nanowire, which resembles the structure found
during TEM analysis.
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Fig. 22—Stage 3: (a) Termination; (b) Final aspect of nanowire top
at terminated growth. Green = SiC(s); Orange = SiO.(l); Red =
Si+Si0, + SiO, (s).

V. CONCLUSION

Core-shell SiC-SiO, nanowires formation has been
investigated by producing SiO(g) and CO(g) from a
mixture of SiO, and SiC. The nanowires web appears as
a blue (900 °C to 1250 °C; 1610 °C to 1800 °C) and
white (1150 °C to 1780 °C) coating at visual inspection.
When the temperature rises, the SiO, shell phase can
assume a spherical nodule shape around the SiC core
phase.

A lower SiO(g) content in the gas phase will decrease
the amount of SiC-SiO, nanowires formed. When He or
Ar(g) are added, nanowires form at lower temperatures
and in larger temperature intervals. Temperatures will
increase locally thanks to the exothermic nanowire
production reaction. Melting depression effects and high
local temperatures make SiO, liquid at temperatures
below the melting point of bulk silica. A two-step
mechanism of reaction is proposed. First, the gas
reaction will create SiO, and SiC nanoclusters at the
surface. Once the lateral growth of the nanocluster seeds
is finished, the growth will continue vertically. The
growth stops at low temperatures and low SiO(g)
content in the gas phase.
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