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Abstract

A microwave plasma process operating at atmospheric pressure was developed for the
synthesis of SiC nanoparticles. The process utilizes methyltrichlorosilane (MTS) as
precursor, acting as both carbon and silicon source, along with an additional hydrogen feed to
ensure a fully reducing reaction environment. In addition, argon served as carrier gas.. The
parameters studied were the H,:MTS molar ratio and the total enthalpy, in the range 0 to 10
and 70 to 220 MJ/kg respectively. The particles size distribution ranged from 15 to 140 nm as
determined by SEM and TEM micrographs. It was found that an increase in enthalpy and a
higher H,:MTS ratio resulted in smaller SiC particle sizes. The adhesion of particles was a

common ocuurence during the process, resulting in larger agglomerate sizes.
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1. Introduction

The favourable physical and mechanical properties of silicon carbide (SiC) allow for various
applications across many areas, e.g. in high power and high frequency electronics as well as
high temperature technologies [1,2]. At present the material is receiving increased attention
as a nuclear ceramic due to its excellent mechanical properties, low neutron absorption cross-
section (25% that of zirconium based alloys) and dimensional stability under irradiation [3].
While conventional carbide ceramics exhibit certain drawbacks, such as low ductility and
high brittleness, nano-sized carbide powders can easily overcome these shortcomings.

SiC nanoparticles have been shown to exhibit properties that differ substantially from that of
the bulk material, encouraging the creation of new areas of application. Many different
maufacturing methods for the creation of SiC nanoparticles have been reported in the
literature. These include carbothermic reduction [4], pulsed laser deposition [5], sol-gel
processes [6], microwave heating [7,8] as well as different plasma techniques such as
inductive radio-frequency (RF) [9]-[11], direct current (DC) thermal [12], low pressure
microwave plasmas [13] and microwave plasma assisted chemical vapour deposition [14,15].
Vennekamp et al. [16] described the formation of a SiC nanopowder using an atmospheric
microwave plasma with tetramethylsilane (TMS) as precursor. They also produced growth-
rate equations using the concept of Ostwald ripening, showing the dependency of particle
growth rate on temperature and pressure. Microwave plasmas have also been used for the
synthesis of other nanoscale substances such as Si [17], MoS; and WS, [18], WO3 [19] and
Zn and ZnO [20].

It is well known that, given the right conditions, methyltrichlorosilane (CH3SiCl; or MTS)
decomposes to form SiC and hydrogen chloride (HCI) shown in Equation 1.

CH4SIiCls — SiC + 3HCI 1)

The reaction kinetics and mechanisms of this reaction have been thoroughly reported in the
literature through chemical vapour deposition [21]-[24], chemical vapour infiltration [25],
radio frequency induction plasma [26] and pyrolysis [27] investigations. In this paper the
synthesis of SiC nanoparticles from MTS is reported using a microwave-induced plasma,
operating at atmospheric pressure in an argon/hydrogen environment. Operation at

atmospheric pressure allows for the possible development of low cost, less energy intensive



synthesis methods and smaller equipment footprints. MTS was used as feed material due to
the benefit of having a stoichiometric silicon-to-carbon elemental ratio, and the relative ease
of the procedure through which MTS can be fed into the system due to its liquid state and
high vapour pressure at standard conditions and high volatility.. Hydrogen was fed into the
reactor along with the MTS as a reductant to drive the conversion reaction. The process
parameters studied were the H,:MTS molar ratio and the total enthalpy. Argon served as the

carrier gas for MTS.

2. Experimental

2.1  Apparatus

A commercial microwave source from Electronic GmbH & Co., Germany, model
PGEN2450/1.5-1.5KW2AIW, was used. The equipment consists of a 1500 W power supply
with a MOS-FET amplifier, a microwave generator operating at 2.45 GHz, a water-cooled
magnetron head, a stub tuner, a rectangular waveguide and a sliding short. The quartz tube, in
which the plasma is generated and maintained, was positioned through the middle- and
perpendicular to the wave guide before the stub tuner. The quartz tube has an internal
diameter of 2 cm and a length of 30 cm. An in- and outlet at the top and bottom of the quartz
tube allows for the flow of gas through the plasma. The tube was cooled by blowing air into
an inlet into the waveguide perpendicular to the quartz tube and letting the air pass over the
tube, exiting through the top and bottom openings in the waveguide. Argon and hydrogen
flow rates were controlled using Aalborg rotameters. The physical layout of the reactor
assembly is illustrated in Figure 1 and a schematic representation of the flow path is shown in

Figure 2.
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Figure 1: Physical layout of the reactor assembly.
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Figure 2: Schematic representation of the flow path of the experimental assembly.




MTS vapour was fed into the reactor by vaporising MTS into a bypass argon stream and
passing the MTS laden argon into a cross joint where it was mixed with the main argon
stream and the hydrogen feed. The total gaseous feed mixture was passed through a 0.2
micron sintered metal filter to ensure that no solid materials enter the plasma reactor and that
the total gas mixture is homogenously mixed. The mass flow of MTS was controlled by
varying the bubbling rate of the argon carrier.. The MTS mass transfer as a function of argon
flow rate in standard cubic centimeters per minute (sccm) is shown in Figure 3. The
calibration curve was determined by bubbling argon through the liquid MTS at different flow

rates for 10 minutes each, and measuring the mass difference after each run.

The MTS vaporisation assembly consisted of a 250 mL borosilicate glass jar equipped with a
lid containing an inlet and outlet port. The argon inlet line was placed below the level of the

MTS. The inlet line was left open and the argon allowed to bubble freely.
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Figure 3: MTS mass transfer calibration curve.

Some physical properties of MTS are given in Table 1 [28].



Table 1: Physical properties of MTS [28].

Property Value Units
Molecular weight ~ 149.48 g/m
Boiling point 65 °C
Melting point -90 °C
Specific gravity 1.270 @ 25 °C

Vapor density 5.17 (Air=1)

Vapour pressure 167 @ 25 °C mm Hg

The exit gas from the reactor was passed through a coiled 1/4" copper thermophoresis tube,
cooled by immersing the tube in an ice bath, to collect any product particles, then passing the
exit gas into a NaOH scrubber to remove HCI and any unreacted MTS before releasing the
stream into an extraction system.

A T-connection and valve assembly in the reactor outlet line enabled the selection between
evacuation of the reactor tube or operation without vacuum whilst still providing a straight,
unrestricted flow path form the reactor outlet to the phoresis tube for product collection.

Particle size distribution was determined through the use of a ZEN 3600 Malvern Zetasizer
Nano System. Scanning electron microscopy (SEM) was performed on the particles using a
high resolution (6 A) JEOL 6000 system and transmission electron microscopy (TEM) was
performed using the Phillips 301 instrument. Emission spectrographs were recorded with an
Ocean Optics, HR 4000 High-Resolution Spectrometer. The optical input to the spectrometer
for the emission lines was obtained by positioning the optical input cable onto the quartz
tube.

Powder x-ray diffraction was conducted with a PANalytical X pert Pro diffractometer using
Co K, radiation. The peak assignments were made using the databases supplied from the
instrument manufacturer.

2.2 Experimental method

The argon plasma was initiated under vacuum (2x10° mbar), using an Alcatel 20101 duel-
stage rotary vane pump. The pressure was then gradually increased to atmospheric pressure
where filamentation of the plasma structure occurred [29]. At this pressure the hydrogen and

MTS were fed into the system. Depending on the hydrogen-to-MTS ratio, stable plasmas
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could be maintained at applied powers between 200 and 1500 W. High hydrogen
concentrations tended to starve and extinguish the plasma. High MTS content resulted in a
“dusty” plasma [30]. Black powder deposited on the inner wall of the quartz tube and were
removed after each experimental run using distilled water. The water was evaporated in a

drying oven operating at 50 °C and the powders were collected.

The experimental parameters are shown in Table 2. All values were selected to cover a wide

range of experimental parameters, within the capability of the system.

Table 2: Experimental parameters

Exp. Arflow  MTS flow H:MTS Power

number  (sccm) (g/h) (mol:mol) (W)
1 150 2.64 4.0 400
2 150 2.64 7.4 570
3 150 2.64 9.3 560
4 150 2.64 7.4 1300
5 150 2.64 4.0 1500
6 150 2.64 1.3 1300
7 150 2.64 0 870
8 150 2.64 1.3 570
9 150 2.64 4.0 950
10 150 2.64 4.0 950
11 150 2.64 4.0 950
12 150 2.64 4.0 1500




3. Results and discussion

The experimental results are shown in Table 3. Note that the enthalpy value given is the
system enthalpy, which applies to all the components (argon, hydrogen and MTS) combined.

The enthalpy values, Hyor , were determined by Equation 2

Py

)

Hror = Mror

where Py is the forwarded power and Mror is the total mass flow rate. In general, particle
agglomerates were obtained. The aggregate particle sizes (dsp) and the individual particle
sizes obtained are both listed in Table 3. Experiment no. 3 yielded no results due to the
continuous extinguishing of the plasma, the cause of which is expected to be the high
H,:MTS ratio of 9.3. As mentioned before, at these high levels the hydrogen tends to starve
and extinguish the plasma. The running time is the total time measured from the point where
MTS was introduced into the stable argon/hydrogen plasma (already operating at atmospheric
pressure). The end of the time measurement was taken to be either after three minutes of
stable operation or the longest time that a stable plasma could be maintained before

extinguishing itself.

Based on the results, the best fitted-model included quadratic and 2-factor interaction terms.

The analysis of variance (ANOVA) for the agglomerate sizes is presented in Table 4.



Table 3: Summary of experimental results.

Exp. Enthalpy  Average particle  Average particle  Run Time SiC SiC
number  (MJ/Kg) size of size of individual (s) production  yield
agglomerates, dso particles, dso rate %
(nm) (nm) (9/h)
1 717 1296 89 18 1.40 14
2 101.6 1743 82 20 0.18 2
3 108.7 - - - - -
4 196.0 461 68 70 1.19 12
5 197.2 483 111 180 2.35 24
6 162.1 590 53 180 1.00 10
7 102.9 1233 132 180 0.56 6
8 102.7 800 132 180 2.25 23
9 152.4 744 110 223 0.74 9
10 152.4 634 131 148 0.87 9
11 152.4 675 91 180 1.20 12
12 215.1 475 121 180 0.74 7
Table 4: ANOVA for Response Surface quadratic model of Zetasizer results.
Sum of Mean F p-value
Source Squares Df Square Value Prob>F
Model 1600171.00 5 320034.30 12.92 0.0070 Significant
A-Enthalpy  765238.10 1 765238.10 30.88 0.0026
B-H,:MTS 51635.30 1 51635.30 2.08 0.2085
AB 177041.70 1 17704170 7.14 0.0442
A? 42770.98 1 42770.98 1.73 0.2460
B 19498150 1 19498150 7.87  0.0378
Residual 123893.20 5 24778.65
Lack of Fit 117712.60 3 39237.52 12.70  0.0739 Not significant
Pure Error 6180.67 2 3090.33
Cor Total 1724065.00 10




The ANOVA results indicate a model F-value of 12.92 and p-value < 0.05. Enthalpy has the
greatest effect on the agglomerate sizes whereas H,:MTS ratio was found to be least
significant. In addition, the lack of fit of model was not significant. Model regression results
are presented in Table 5.

Table 5: Model regression results for agglomerate sizes.

R-Squared  Adj R-Squared  Pred R-Squared  Adeq Precision
0.93 0.86 -0.05 11.07

The reasonable correlation coefficient (0.93) of the model indicates good agreement between

the experimental and predicted data.
The analysis of variance (ANOVA) for the individual particle sizes is presented in Table 6.

Table 6: ANOVA for Response Surface quadratic model of SEM results.

Sum of Mean F p-value
Source Squares df Square  Value Prob > F
Model 2262.17 5 45243 0.43 0.81 Not significant
A-Enthalpy 112.82 1 11282 0.10 0.76
B-H,:MTS 585.03 1 585.03 0.56 0.49
AB 661.22 1 66122 0.63 0.46
A? 2.96 1 296 0.00 0.96
B? 762.94 1 76294 0.73 0.43
Residual 521165 5 104233
Lack of Fit 4378.24 3  1459.41 3.50 0.23 Not significant
Pure Error 833.41 2 416.71
Cor Total 7473.82 10

The Model F-value of 0.43 implies the model is not significant relative to the noise. There is
an 80.95 % chance that an F-value this large could occur due to noise. Values of "Prob > F"
less than 0.0500 indicates the model terms are significant. In this case there are no significant

model terms. Model regression results are presented in Table 7.

10



Table 7: Model regression results for individual particle sizes.

R-Squared  Adj R-Squared  Pred R-Squared  Adeq Precision
0.30 -0.39 -15.93 2.31

From these results it becomes clear that this model should not be used to navigate the design

space, and caution is advised when doing so.

Application of response surface analysis (RSA) on the Zetasizer and SEM results yields the
surface contour plots shown in Figure 4 and Figure 5 respectively. The individual particle
size distribution indicates that the particle size decreases when the power and the H,:MTS
ratio increases. The agglomerate particle size distribution shows that, as expected, lower
enthalpies produce larger agglomerates, but that the agglomeration process is much more

sensitive to H,:MTS ratios with higher ratios negatively influencing the agglomerate size.

30.69 63.06
84 4688 (82)
L ]
4 79 25 87.34 95.44
6 _
E 103.5
= 89) (iT0 () 21
c'> 4 ' ° ° °
~—
. 11| 6 1035 //
: k 127 8 119.7 95.44
2
131.8) (53
1 87. 3/
7925 63.06
0 T T T
100 140 160
Enthalpy / MJ-kg

Figure 4: Effect of total enthalpy and H,:MTS molar ratio on individual particle size.
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Figure 5: Effect of total enthalpy and H,:MTS molar ratio on agglomerate size.

Figure 6 to Figure 9 present SEM and TEM micrographs, which show individual particle
sizes of between 15 and 140 nm. These sizes are larger than those reported by Vennekamp et
al. [16] who used tetramethylsilane (TMS) as precursor. Particles displayed a large degree of
agglomeration, as is reflected in the large difference in SEM particle sizes when compared to

the Zetasizer results.
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Figure 6: SEM images of sample 11.
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Figure 7: SEM image of sample 12.
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Figure 8: TEM image of sample 6.
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500 nm

Figure 9: TEM image of sample 6.

Similar structures, with smaller particle sizes, were reported by Lin et al. [13] when operating
at low pressures and using TMS. X-ray diffraction results show diffraction peaks at positions
typical of B-SiC (cubic) as seen in Figure 10. Interestingly, the diffraction peaks for cubic

silicon is also seen.
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Figure 10: XRD spectrum of a product sample synthesised at an H,:MTS ratio of 4. SiC refers to the
B phase.

An optical emission spectrometer was used in order to determine the elements present in the
plasma environment. This is a standard diagnostic tool often used to monitor discharge
emissions [31]. An emission spectrum for wavelengths 200-1100 nm is shown in Figure 11.
A few are obviously expected to be that of argon. The growth of nanoparticles in the plasma
can drastically change the plasma properties. Layden et al. [32] performed optical emission
spectroscopy on an RF sputtering discharge in argon during dust particle growth to analyse
this change. They found that the intensities of all of the argon emission lines increase,
indicating an increase in the number of high energy electrons as a result of particle growth.
The majority of peaks in this case were in good agreement with experimental values of
elementary silicon, carbon and argon [33]-[36], indicative of MTS decomposition in the

plasma.

The presence of elementary silicon in the gas phase as well as silicon in the product material
suggests that the addition of hydrogen to the plasma drives the conversion reactions too far

into the reductive regime.
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Figure 11: Emission spectrograph (Experiment 4).

The equilibrium thermodynamics and formation mechanisms of Equation 1 have been
reported in the literature [37]. The optimum conditions for the formation of B-SiC are
confirmed in Figure 12 using the thermodynamics software package TERRA [38]. At
temperatures of around 1 400 K, optimum yield for B-SiC formation is obtained. Microwave
plasmas can operate anywhere within the region of 1400-10 000 K [39]. This experiment
operated between 1500 and 1900 K. Exact control of the gas temperature was not attempted
or measured during this experiment due to the complicated nature of such an exercise. The
enthalpy required to convert MTS into SiC is calculated using the assumption of
thermodynamic equilibrium, shown in Figure 13. The experimental specific enthalpy values
listed in Table 3 are significantly lower than the thermal values of Figure 13, suggesting that
the non-equilibrium nature of the plasma plays a significant role in the MTS decomposition

process.
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Figure 13: Specific enthalpy for MTS.

4. Conclusions

Methyltrichlosilane decomposes in a microwave plasma reactor to form SiC nanoparticles.
Particle sizes range between 15 and 140 nm, confirmed by SEM and TEM characterization.
These particles form agglomerates resulting in large particle sizes, as measured by Zetasizer.
X-ray diffraction studies confirmed the presence of $-SiC and elemental Si in the product
material. The process parameters studied were the H,:MTS molar ratio and the total enthalpy.
An inverse correlation was observed between enthalpy and the particle size. A similar
correlation was observed for H,:MTS ratio and particle size. The addition of hydrogen to the

plasma complicates the production of pure SiC by the method reported here.
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