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A new method for destroying silicon tetrachloride has been proposed, which is based on a microwave
plasma jet that operates at atmospheric pressure using hydrogen as work gas. The influence of input
power (P) and silicon tetrachloride concentration (¢) on the percent destruction and removal of SiCly
was investigated. And the reclaimed solid byproducts were characterized by SEM, EDX and XRD. Species
in the plasma, which were identified by atomic emission spectroscopy were found to include no halogen.
Results indicate that the destruction efficiency of silicon tetrachloride can reach 96% when P=800 W and
¢=1.0%, and the main solid byproduct was Si. The silicon deposited on the molybdenum substrate of the
plasma reactor was yellow and typical nano-sized particles with grain size of 54 nm.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The semiconductor industry in the large-scale use of silane pro-
duces a large number of halogenated silane in flue gases. Such
undesirable waste is usually disposed of by dumping in depots or
discharge into the aquatic medium or the atmosphere. This has
resulted in increasing contamination of ground water and degrada-
tion of tropospheric ozone [1]. Silicon tetrachloride, one of volatile
compounds in flue gases, easily brings health hazards in the air.
Recently, a number of technologies for destroying such environ-
mental hazards ranging from air pollutants to solid wastes have
so far been tested including thermal decomposition [2], catalytic
oxidation [3], biofiltration, carbon adsorption, membrane separa-
tion, UV oxidation [4], condensation and plasma-based procedures
[5-8].

Non-thermal plasmas provide an alternative method for gen-
erating highly reactive species, in which electrons are accelerated
by the applied electrical field and transfer their energy via elas-
tic and non-elastic collisions with neutral molecules. The reactions
occurring under these conditions are usually far from thermody-
namic equilibrium and result in destruction associated with higher
electron temperatures of 10,000-20,000K, by contrast, the neu-
tral gas remains at much lower temperatures. This mechanism
is useful for the applied energy to generate radicals and excited
atomic and molecular species, thereby facilitating the decomposi-
tion of contaminant molecules [1]. Although the temperature of a
non-thermal plasma is not so highly influential on the destruction
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efficiency, an increased temperature facilitates the process. In addi-
tion to enhanced destruction and removal, plasma-based chemical
processes provide some advantages such as low implementation,
operating and capital costs, and modest facility size requirements,
in relation to conventional volatile compounds destruction tech-
niques.

The device used in this work for destroying SiCl, is based on the
microwave plasma torch (MPT) developed by Moisan et al. in 1995
[9]. The plasma produced provides an effective energy medium
for the removal of residues and is highly stable to impedance
changes resulting from the introduction of molecular gases, organic
compounds or both. In addition, the atmospheric pressure plasma
obtained never reaches thermodynamic equilibrium between neu-
tral species, ions and electrons. This produces a plasma jet with
high-temperature and high plasma density. For example, typical
air plasma jet generated by microwave breakdown has the plasma
density of ~10'3 cm~3 and a temperature of ~6000K [10]. There-
fore, the microwave plasma jet provides a highly unusual and
reactive chemical environment in which several plasma-molecular
reactions occur. MPJ] at atmospheric pressure has gained huge
potential from industry in recent years as a clean, high-temperature
intense energy source for various applications of material process-
ing [11,12].

2. Experimental

Fig. 1a depicts the proposed SiCl4 destroying system. The device
comprises a magnetron connected to a WR340 rectangular waveg-
uide (TE;g mode). They are operated at a frequency of 2.45 GHz and
their maximal power is approximately 1000 W. The power sup-
ply, consisting of a full-wave voltage double circuit, provides the
electrical power to the magnetron, which generates the microwave
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Fig.1. (a) Schematic diagram of the proposed SiCl4 destruction set-up. (b) Schematic
diagram of the plasma reactor.

radiation and is cooled by a water-cooled matched load. The gen-
erated microwave radiation from the magnetron is guided through
the waveguide, passes through the three-stub tuner, and enters
the discharge part [13,14]. The resonant microwave is induced
into a copper nozzle located at the centre of the reaction sec-
tion. The center axis of nozzle is located one-quarter wavelength
from the shorted end and is perpendicular to the wide waveguide
walls. The electric field induced by the microwave radiation can
be maximized by adjusting the three-stub tuner and controlling
the following two axial-translation structure to adjust the noz-
zle position in the cavity. Also, the reflected power adjusted with
the three-stub tuner is less than 1% of the forward powder. Choke
circuit structure connected with the waveguide can effectively pre-
vent microwave leakage, and a detail of this reactor is shown in
Fig. 1b.

For the 2.45 GHz cavity, the modeling results gave the follow-
ing optimum condition. The nozzle position from the waveguide
cavity short circuit wall is 45 mm, nozzle tip diameter is 2 mm, noz-
zle hole is 0.5 mm, the distance between substrate and nozzle(s) is
20mm and cavity hole is 20 mm in diameter. This diameter has
been optimized to prevent the electrical field from breaking down
inside the cavity and also to stop the jet reflected back into the
cavity [15]. And the source gases used were hydrogen and liquid
compounds (SiCls). Hydrogen was used as a plasma gas and car-
rier gas with 100 kPa pressure and an 800 ml/min total flow rate.
SiCly (99%, Aldrich) in liquid phase maintained at 30 °C was directly
bubbled by hydrogen gas and is axially injected through a stainless
steel tube, which guides a mixture of bubbled-SiCl; and hydrogen
(Hy) gas into the center of the plasma flame. The SiCl4 concentra-
tion (volumetric percentage of SiCl4 to Hy flow rates) was varied
within a range of 0.8-4%. The flow rates of the silicon tetrachlo-
ride and hydrogen were controlled with mass flow controllers. And
the solid byproduct was collected by quenching from molybdenum
substrate.

In order to observe the surface morphology and structure of
the solid byproduct obtained, scanning electron microscopy (SEM)
was employed. SEM images of powders as-produced state were
recorded on a JSM 5510LV microscope equipped with an EDX ana-
lyzer operating at an accelerating voltage of 15kV. The powder
X-ray diffraction (XRD) patterns, obtained with a YB-XD-5A X-ray
diffractometer using CuKq (k=1.5405981 A) radiation at a scan rate
of 0.02° 20s~1 were used to determine the identity of any phase
present. Spectroscopic analyses of the species presentin the plasma
during the destruction of SiCl4 allowed the resulting byproducts to
be detected and new pathways for the loss of chlorine and sili-
con by reaction with copper in the coupler tip to be identified. The
monochromator used was WDS-8A which possessed a diffraction
grating of 2400 grooves per millimeter.

3. Results and discussion
3.1. Destruction of silicon tetrachloride

The SiCl4 destruction method was optimized by using hydrogen
plasma under the most suitable conditions regarding microwave
power and SiCly concentration. Hydrogen was primarily consid-
ered as a reaction gas, which was injected as the carrier gas of
the microwave plasma jet. H; is to deoxidize the silicon in SiCly.
The powder deposited on the molybdenum substrate was yellow
in color. To this end, one should use the percent destruction and
removal of SiCly, DRE%, as calculated from the expression:

Wi, — W,
DRE% = ”‘T‘M x 100%. (1)

mn
where W, is the mass of SiCly inserted and Wy, that remaining
after the plasma treatment.

The principal mechanism for the decomposition of contaminant
molecules in a non-thermal plasma is via electron collisions. The
efficiency of such collisions increases with increase in the amount
of energy released to free electrons in the plasma. Therefore, the
efficiency with which contaminants can be destroyed will depend
directly on the plasma density and electron temperature, under our
experimental conditions:

SiCly+e— SiCly+(4—x)Cl+e (2)

In fact, the addition of small percentages of a molecular gas can
cause a marked variation of the electron energy distribution func-
tion in plasmas [16]. Manory et al. [8] have found that the addition
of Hy to a microwave plasma increases the SiCly dissociation. This
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Fig. 2. Variation of DRE% as a function of the supplied microwave power at different
SiCl,4 concentration levels.

effect was attributed to the increasing occurrence of the reaction:
Hy + SiCly — SiClix-1)+HCl (3)

The microwave power supplied to the plasma jet via the waveg-
uide has a direct effect as it raises and maintains the electron
temperature of the plasma; therefore, increasing the amount of
power supplied will result in improved destruction of the com-
pound introduced into the main gas flow.

Fig. 2 shows the variation of DRE% as a function of the sup-
plied microwave power at five different SiCl, concentration levels,
namely: 0.8%, 1.0%, 2.0%, 3.0% and 4.0%. The total flow rate kept con-
stant at 800 ml/min. As can be seen, at low concentrations, the DRE%
increases with increasing concentration introduced in the plasma;
above 1.0%, however, the supplied energy is finite and SiCl4 attains
maximum decomposition efficiency at the concentration of 1.0%,
and the DRE% decrease with increasing concentration introduced
in the plasma correspondingly. At a microwave power settings
from 400 to 800 W, the SiCl4 output concentration decreased and
the contaminant destruction efficiency increased with increasing
power. A concentration range exists where the destruction effi-
ciency is maximal that changes with the microwave power [17].
The curves are similar in shape for any microwave power, and
SiCl4 concentration above 1.0% leads to an increased output con-
centrations of SiCly caused by a decreased residence time in the
plasma and result in a poorer destruction efficiency. A similar result
was previously obtained by Yamamoto and Futamura [18] that can
be ascribed to the presence of a secondary destruction pathway
involving collisions between chlorine and copper radicals formed
in fragmentation reactions preceding the destruction of contam-
inant molecules. The results are consistent with this assumption
but cannot be used to confirm it beyond doubt in the absence of
spectroscopic data for the destruction of the plasma itself. There-
fore, silicon tetrachloride at these concentration levels can be easily
destroyed on an industrial scale by using a moderate microwave
power [8].

3.2. Characterization of solid byproducts

The SEM images of as-produced Si nanoparticles by the
microwave plasma jet are shown in Fig. 3. By comparing samples
extracted at different regions, also the difference between the dif-
ferent agglomeration degrees can be found. An agglomerate is equal
to just one primary particle at the centre of substrate, whereas it
is built up out of many primary particles at the edge. When the
plasma has a high degree of particle loading (a high precursor feed
rate and higher temperatures), the sample containing particles with

a small degree of agglomeration will show a more open and fluffy
structure (Fig. 3a), while the sample containing a high degree of
agglomeration shows a dense structure (Fig. 3b). Quenching is the
more effective at higher temperatures for centre, and much smaller
particles in the agglomerates can be obtained and have a more open
structure. EDX survey spectra were used to determine which ele-
ments were present in the powder. And silicon specie was detected
with mass fraction of 96.3%. The EDX spectra showed an additional
line characteristic of the existence of Cl and O. The system was open
to the atmosphere in the process of SiCl; destruction, as shown
in Fig. 1. Therefore, the constituents of the atmosphere may be
involved in the destroying process, resulting in possible byprod-
ucts during the production of Si nanoparticles. And the as collected
powder is of a lower level of oxidation. In addition, the Cu signal is
significantly detected due to a little erosion of copper nozzle.

XRD is a powerful tool for determining the structure of as-
produced material clearly. Therefore, an XRD pattern of the
collected powder was taken, and is shown in Fig. 4. Fig. 4 is the
XRD pattern corresponding to SEM images in Fig. 3b. As shown
in Fig. 4, black circles indicate the peaks corresponding to Si
[space group: Fd-3m(227)] with lattice constants a=5.430 A, which
are in good agreement with the reported data (JCPDS file No.
65-1060) [19] and white circles correspond to CuCl,-H,0 (JCPDS
file No. 33-0451) [20]. And in the process of discharge, detected
CuCl,-H,0 in the powder was caused by a little erosion of cop-
per nozzle. In the role of the plasma jet, the high activity copper
atoms through high-temperature evaporation move up with the

Fig. 3. SEM pictures of Si powders collected at different regions of the molybdenum
substrate. (a) Si nanopowder as collected at the centre of substrate and at the edge
for (b). Plasma conditions: input power 800 W, 100 kPa, flow rate 800 ml/min.
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Fig. 4. XRD patterns for the powder deposited on substrate.
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Fig.5. Apartofa typical atomic emission spectrum as measured from a discharge in
gases at atmospheric pressure. (a) Atomic emission spectrum of Si during destroying
SiCly. (b) Atomic lines of copper in the process of discharge.

chlorine atoms decomposed from silicon tetrachloride, and precip-
itate as CuCl,-H, O crystal when touch the cold-Mo substrate. The
Willamson-Hall method [21] can be used to determine the crys-
tallite size and lattice strain when there are three more reflections
available for measurement. Contributions of the crystallite size and
lattice strain are given by the following equation:

ﬁcos&:’%ﬁ—nsin@ (4)

where A is the wavelength of the X-rays (A =1.54A in this exper-
iment), 0 is the diffraction angle, n is the lattice strain, L is the
crystallite size, k is a constant (0.94 for Gaussian line profiles and
small cubic crystals of uniform size), and g is the full width at half
maximum (FWHM). In Eq. (4), the Si crystallite size was calculated
to be approximately 54 nm in the powder.

3.3. Spectroscopic analysis of intermediate products

A part of a typical atomic emission spectrum measured from a
discharge in gases is given in Fig. 5. The spectrum measurement
system can be used to follow relative fluctuations in the gas com-
position in time. The formation of a little CuCl,-H,0 in the powder
from copper in the coupler nozzle was confirmed fromits XRD spec-
trum above, which contained typical lines for copper [Cu I] due to
excitation of atoms detached from the coupler nozzle (Fig. 5b). In
the case of the MPJ, the carrier gas and SiCl; were mixed before

entering the plasma, and the nozzle material has a strong impact on
the plasma properties. The atomic line of copper can be easily dis-
tinguished in the shown spectral range between 320 and 525 nm.
Several strong atomic lines (325.1 and 510.4 nm) are dominantly
present in the measured spectra, as for instance can be seen in
Fig. 5b. The number of different atomics which can be observed by
emission spectroscopy in the microwave-induced plasmas studied
at atmospheric pressure is very limited. In the case of not exceed-
ing the detection limit of grating spectrometer, the wavelength of
detection was transferred to a more modest scale. The emission
spectra of silicon was detected, as shown in Fig. 5a. Experimentally,
it is found that metal such as copper in plasma is more sensitive to
changing conditions than silicon. Atomic lines in different wave-
length intervals with comparable weak intensities might easily be
lost in the analysis process [22]. Therefore, In the process of sili-
con atomic lines detection, it should try to avoid the interference of
copper. To improve the intensity of silicon atomic lines signal, we
operate under the optimum condition mentioned above. The range
for stable operation in dependence on forward microwave power
and H, gas flow was determined experimentally. Stable plasma
operation thereby means that the reflected power is less than a
few percent of the input power. Moreover, in this region the plasma
should exhibit no filaments and a fully symmetrical shape [23].

4. Conclusions

The proposed system for destroying volatile contaminants is an
effective tool for the removal of silicon tetrachloride. By using the
microwave power (800 W) and a flow rate of gas within the opti-
mum range, one can reach an efficiency decomposition level. Based
on the analysis of byproducts, the SiCly is mainly transformed into
nano-silicon with grain size of 54 nm under optimum conditions
and such nano-materials have very great prospects for industrial
application.

In addition, the main pathway for the loss of chlorine is the for-
mation of a copper chloride deposit on the molybdenum substrate.
This is consistent with the spectroscopic measurements and XRD,
based on the intensity of the atomic line of Cu and diffraction peaks
of CuCl,-H,0. And CuCl,-H, O is less toxic and easier to handle than
SiCly. Also, it can be used for various purposes. Therefore, the pro-
posed method suppresses the most serious hazards of the initial
compound by fixing chloride in a solid, non-volatile form.
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