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Silicon nanomaterials were synthesized from solid silicon powder in microsize using a nontransferred arc plasma system. Synthe-
sized silicon nanomaterials were sphere or wire in morphology according to the input power of arc plasma, the flow rate of plasma
forming gas, and the collecting position of product. The product was spherical nanoparticles at a high input power for complete
evaporation, while it was nanowires at a relatively low input power. The mean diameter of synthesized silicon nanoparticles was
increased from 20.52 nm to 40.01 nm by increasing the input power from 9 kW to 13 kW. On the other hand, the diameter of silicon
nanowires was controllable by changing the flow rate of plasma forming gas.Themean diameter of silicon nanowires was increased
from 16.69 nm to 23.03 nm by decreasing the plasma forming gas flow rate from 15 L/min to 12 L/min.

1. Introduction

The photovoltaic (PV) and microelectronic industries have
maintained over 30% of annual growth rate [1]. This indus-
trial growth brings about a rapid increase in the production
of silicon wafers. Silicon kerf loss is generated during wafer
production processes such as block cutting and wafer sawing
[2]. The amount of kerf loss in wafer production processes
increases with the growth of silicon industry, though the
kerf loss is considered as industrial waste. In order to save
cost and to reduce energy consumption, lots of processes for
the purification and the recycling of silicon kerf loss have
been studied. They include superconducting magnetic sep-
aration [3], fractional melting [4], directional solidification
[5], plasma oxidation [6], and electromagnetic separation [7]
to recover highly purified silicon from silicon kerf loss. In
addition, many researches have been studied to reuse silicon
kerf loss and purified silicon [8, 9].

Nanostructured silicon material has various advantages
in an integrated circuit (IC) andmicrofabrication technology.
Therefore, many researchers have synthesized silicon nano-
material by well-knownmethods such as nonthermal plasma

processing using silicon tetrachloride and silane precursors
[10, 11], the decomposition of silane and organosilane in
gas phase reactions [12, 13], and liquid phase method with
silicides precursors [14]. However, the preparation of silicon
nanomaterial from solid phase is limited. It is because
the vaporization of solid phase silicon materials requires
considerable energy density. Silicon has a high latent heat for
vaporization and a low thermal conductivity compared with
typical metal. Moreover, the thermal conductivity of solid
state silicon decreases with increasing temperature [15]. As
a result, there is a limitation to prepare silicon nanomaterial
from the evaporation of silicon in solid state.

Thermal plasma processing has been used to prepare
nanomaterials with various advantages [16–18]. The high
enthalpy of thermal plasma improves reaction kinetics and
chemical reactivity. Thermal plasma has the region con-
taining balanced charges of electrons and heavy particles
such as radicals, ions, and neutrals with high temperature in
local thermodynamic equilibrium [19]. Such active species
allow the vaporization of any kind of raw material easily.
Moreover, the rapid quenching of thermal plasma leads to the
production of nanoparticles.

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2016, Article ID 5849041, 9 pages
http://dx.doi.org/10.1155/2016/5849041



2 Journal of Nanomaterials

Exhaust port

Reaction
chamber

DC power
supply

Plasma
torch

Reaction
tube Ar

Powder
feeder

Plasma gas

Carrier gas

Blower

Sampling
position

Figure 1: Schematic diagram of the arc thermal plasma system for the synthesis of silicon nanomaterial.

The arc thermal plasma system was used for the prepa-
ration of silicon nanomaterials with high productivity at a
low cost [20]. The aim of this study is to investigate the
synthesis of silicon nanomaterials from the vaporization of
microsized silicon raw material. The vaporization of silicon
feedstock was controlled by changing the plasma input power
and the flow rate of plasma forming gas. In the product,
both of nanosized silicon particles and wires were found.
The formation routes for nanoparticles or nanowires were
suggested from experimental results.

2. Experimental

Theexperimental equipment consists of a direct current (DC)
power supply, a powder feeder, a plasma torch, a reaction
tube, and a reaction chamber. The reaction tube maintains
high temperature atmosphere after the ejection of thermal
plasma jet at the torch exit, and the reaction is completed
at the reaction chamber. Figure 1 is a schematic diagram of
the arc thermal plasma system for the synthesis of silicon
nanomaterial. The input power provided by the DC power
supply was controlled at 7, 9, 11, and 13 kW, respectively. The
flow rate of plasma forming argon gas was changed from
12 L/min to 15 L/min to control the velocity of plasma jet.The
feeding rate and the argon carrier gas flow rate for the feeding
of raw silicon powder were fixed at 0.2 g/min and 5 L/min,
respectively. In the whole experiment, the arc thermal plasma
system was operated at atmospheric pressure. The operating
condition is summarized at Table 1.

Silicon nanomaterial was synthesized in the nontrans-
ferred arc plasma system from commercial silicon powder
(40 𝜇m, Aldrich, USA). Figures 2 and 3 are the field emission
scanning electron microscopy (FE-SEM) images and the X-
ray diffractometer (XRD) pattern of the silicon raw material.
Figure 2 shows that angular silicon powder has broad size
distribution and irregular shapes. Figure 3 indicates that
peaks positions of XRD patterns have 2 theta values of

Table 1: Operating condition of the arc thermal plasma system for
the synthesis of silicon nanomaterial.

Input power 7, 9, 11, and 13 kW
Plasma gas flow rate Ar 12 and 15 L/min
Raw material Silicon, 40 𝜇m
Carrier gas Ar 5 L/min
Powder feed rate 0.2 g/min
Operating pressure 101.3 kPa
Sampling position Reaction tube and chamber cover

Figure 2: SEM image of silicon raw material.

28.45 cm−1, 47.31 cm−1, and 56.14 cm−1 corresponding to the
crystal planes of (111), (220), and (311), respectively.

The injected raw powder into thermal plasma was vapor-
ized by high temperature of thermal plasma jet and generat-
ing silicon nuclei, followed by the production of nanomaterial
with rapid quenching. Products were collected from the
inner surface of the reaction tube and the chamber cover,
respectively. The morphology of silicon nanomaterial was
analyzed by field emission scanning electronmicroscopy (FE-
SEM, S-4300, Hitachi, Japan), and the size of nanomaterial
was measured by an image process software (Image-Pro
Plus, Media Cybernetics, USA). In addition, the phase of the
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Figure 3: XRD spectrum of silicon raw material.

productwas identified byX-ray diffractometry (XRD,DMAX
2500, Rigaku, Japan).

3. Results and Discussion

3.1. The Effect of the Sampling Position. Figure 4 shows SEM
images of products sampled at the reaction tubewith different
magnifications in the condition of 13 kW for the input
power and 15 L/min for the flow rate of plasma forming
gas. The product is composed of two different sizes of
spherical particles. Figure 4(a) shows microsized particles,
while Figure 4(b) shows nanoparticles condensed on the
surface of a microsized particle [21]. Figure 5 shows SEM
images of products sampled at the chamber cover in the
condition of 13 kW for the input power and 15 L/min for
the flow rate of plasma forming gas. Figure 5(a) shows well
dispersed small products in contrast to Figure 4(a). These
images show that the quantity of microsized particles at the
chamber cover is smaller than those at the reaction tube. It is
because more raw materials were vaporized along with the
plasma flame. Therefore, sufficiently long residence time is
required to vaporize the silicon raw materials completely.

Figure 6 shows the XRD patterns of raw material and
synthesized silicon nanomaterials in the condition of 13 kW
for the input power and 15 L/min for the flow rate of plasma
forming gas. Figure 6 indicates that there are differences
between the intensities of the silicon raw material and
the synthesized nanomaterials. The silicon nanomaterials
collected at the reaction tube and the chamber cover have
low crystallinity compared with the silicon raw material. It
is because the crystallization of product occurred with the
growth of nanoparticles after vaporization in thermal plasma
flow. From the sameposition of characteristic peaks, however,
the physical phase of the product is the same with the raw
material.

Average grain sizes of the raw material and products are
estimated by the Scherrer equation from the full width at half
maximum of XRD patterns [21]

𝑑 =
𝑘𝜆

𝐵 cos 𝜃
. (1)

Table 2: Mean particle sizes at the chamber cover in different input
powers of 9, 11, and 13 kW at the fixed plasma forming gas flow rate
of 15 L/min.

Raw material Product at reaction
tube

Product at
chamber cover

Grain size 40.98 nm 34.13 nm 29.26 nm

The grain size, d, can be calculated by the Scherrer
constant (𝑘), the wavelength of X-ray (𝜆), diffraction angle
(𝜃), and the corrected full width at half maximum (𝐵). Table 2
indicates the average grain size of the silicon raw material
and products collected at the reaction tube and the reaction
chamber prepared in the condition of 13 kW for the input
power and 15 L/min for the flow rate of plasma forming gas.
Calculated results show that the grain size of product from
the reaction tube is larger than that from the chamber cover,
while the particle size is the opposite results as shown in
Figures 4(b) and 5(b). It is explained by a high temperature
atmosphere with a strong radiation from thermal plasma in
the reaction tube. Therefore, the crystallization of the silicon
nanoparticles takes place after the formation of nanoparticles
as well as during particle growth in the reaction tube. On the
other hand, fabricated silicon nanoparticles at the chamber
cover are relatively far from the plasma radiation leading
to relatively weak intensities of characteristic peaks in XRD
pattern.

3.2. The Effect of the Input Power. Figure 7 is a low resolution
SEM image of fabricated silicon nanomaterials sampled at the
chamber cover in different input powers of 7, 9, and 11 kW at
the fixed plasma forming gas flow of 15 L/min. Figure 7 shows
that microsized silicon raw material was partially vaporized.
These images also show that the morphology of products is
similar to the raw material. In comparison to Figure 5(a), the
input power of 13 kW is required for the complete evaporation
of silicon raw material. Figure 8 is a high magnification
SEM image at the same condition with Figure 7. Most of
products is nanosized spherical particles, while some of
them are nanowires. Figure 8(a) was synthesized in the
condition of 7 kW for the input power and it shows spherical
nanoparticles. Figures 8(b) and 8(c), however, show silicon
nanomaterials with nanowires and nanoparticles. Hafiz et al.
explained the synthesismechanismof silicon nanowirewhich
is produced in two-step processes using hypersonic plasma
particle deposition with TiSi

2
catalyst [22], and Meshram et

al. introduced the synthesismethod of silicon nanowire using
tin catalyst in a hot wire chemical vapor process [23]. On the
other hand, metal catalyst was not used in the present work.
Instead of the catalyst, the influences of the plasma flow on
wire formation were hypothesized when the nontransferred
arc thermal plasma system is employed to produce silicon
nanomaterial. Silicon raw material is partially vaporized in
the reaction tube due to a high velocity of plasma jet [24].
Therefore, surface evaporation takes place in the reaction
tube, and viscid molten silicon is expected in core region.
As a result, it is hypothesized that the viscid molten silicon
droplets are stretched by the momentum transfer from the
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Figure 4: SEM images of products sampled at the reaction tube wall with different magnification rates of (a) 1,000x and (b) 100,000x at 13 kW
for the input power and at 15 L/min for the flow rate of plasma forming gas.
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Figure 5: SEM images of products sampled at the chamber cover with different magnification rates of (a) 1,000x and (b) 100,000x at 13 kW
for the input power and at 15 L/min for the flow rate of plasma forming gas.

high velocity of thermal plasma jet forming the wire structure
of silicon.

The wire structured silicon is frequently observed at the
condition of 11 kW for the input power rather than at the
condition of 9 kW. There are two reasons to support such
result. The first one is the low viscosity of the molten silicon
in the case of 11 kW in comparison with the case of 9 kW.
The viscosity of the molten silicon material is decreased
with increasing the silicon temperature [25]. The other is the
high plasma velocity. The velocity of thermal plasma at the
condition of 11 kW for the input power is faster than that at
9 kW [24]. The velocity of thermal plasma jet has influence
on the acceleration and stretching of molten silicon particles.
Therefore, it is supposed that the wire structure is formed
effectively at 11 kW with the low viscosity of molten silicon
and the high velocity of thermal plasma jet.

Figure 8(c) shows silicon nanoparticles as well as silicon
nanowires.When the silicon rawmaterials passed the plasma
jet in the high temperature region, the silicon nanoparticles
were formed by the vaporization and condensation processes
[21, 26–29]. On the other hand, some nanoparticles were
formed after the formation of nanowires. A low thermal
conductivity of silicon compared with typical metal hinders
the internal heat transfer of silicon. The surface vaporization
of silicon wire occurred by the energy stored in the molten
wire. This silicon vapor prepared by the surface vaporization

Table 3: Mean particle size at the chamber cover in different input
powers of 9, 11, and 13 kW.

9 kW 11 kW 13 kW
Particle mean size 20.52 nm 35.61 nm 40.01 nm

was nucleated, and then spherical nanoparticles were con-
densed. On the other hand, only spherical nanoparticles were
observed in Figure 5(b) at the highest input power of 13 kW.
In this case, enough energy was supplied for the complete
evaporation of the raw materials within the residence time.
This sufficient energy for full vaporization of the silicon
materials was supplied by the high plasma gas temperature
in the case of 13 kW for the input power [30].

Figure 9 shows the particle size distribution of nanopar-
ticles collected at the chamber at three different input powers
of 9, 11, and 13 kW. The particle size distribution is relatively
narrow at the condition of 9 kW for the input power. On
the other hand, the particle size distribution is broad at the
condition of 13 kW.The size distribution of the nanoparticles
increases by increasing the arc plasma input power. Table 3
is the particle mean size sampled at the chamber cover at
different input powers of 9, 11, and 13 kW. The particle mean
sizes were 20.52 nm, 35.61 nm, and 40.01 nm at 9 kW, 11 kW,
and 13 kW for the input powers, respectively. The particle
mean size increases depending on the amount of silicon vapor
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Table 4: Thermal properties of copper, aluminum, silicon, and alumina.

Cu Al Si Al
2
O
3

Melting point (∘C) 1,085 660 1,414 2,054
Boiling point (∘C) 2,562 2,470 3,265 3,000
Heat of fusion (J/g) 205 387 1,800 1093
Heat of vaporization (J/g) 5,234 9,462 10,614 —
Thermal conductivity (W/m⋅K) 385 210 124 30
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Figure 6: XRD spectrum of (a) raw material and products sampled
(b) at the reaction tube and (c) at the chamber cover prepared in the
condition of 13 kW for the input power and 15 L/min for the flow rate
of plasma forming gas.

in the reactor. The quantity of silicon vapor is determined by
the plasma input power at a fixed raw material feeding. More
heat is transferred to feeding powder at the highest input
power of 13 kW, and then the amount of the silicon vapor
in the reactor is increased [31]. Such large amount of silicon
vapor in a high input power leads to the supersaturation
of the silicon at a high temperature. The nucleation of the
silicon vapor is affected by supersaturation of silicon vapor
at a high temperature, and nucleated silicon materials in a
high power have a long residence time to condense into
silicon nanoparticles. Such tendencies result in the broad
particle size distribution and the largemean size of the silicon
nanoparticles [29]. A small amount of silicon is vaporized
at the surface of silicon materials at a low input power
condition. Such silicon vapor produces silicon nanoparticles
with a smallmeandiameter attached to the surface of partially
evaporated microsized silicon materials.

3.3. The Effect of the Flow Rate of Plasma Forming Gas.
Figure 10 is the SEM image of the synthesized silicon product
collected at the chamber cover.Thermal plasma was operated
at 11 kW for the input power and 12 L/min for the flow
rate of plasma forming gas. In this condition, the flow
rate of plasma forming argon gas was decreased compared

with the operating condition for Figure 8(c). The velocity of
plasma flame is decreased by decreasing the gas flow rate
from 15 L/min to 12 L/min. The average diameter of silicon
nanowire was 16.69 nm at the flow rate of 15 L/min. On the
other hand, silicon nanowires produced at 12 L/min were
23.03 nm in average diameter. This result indicates that the
formation of the nanowires is affected by the plasma velocity.
The average diameter of the silicon nanowires was decreased
with increasing the plasma velocity.

3.4. Synthesis Mechanism of Silicon Structure. Nanoparticles
are produced through the homogeneous nucleation and
heterogeneous condensation when the vaporization and con-
densation processes are considered. The first step of the
process is the vaporization of the raw material by the high
enthalpy of the arc thermal plasma. Feeding particles move
along the plasma flow to the tail of the plasma jet. The tem-
perature of the plasma flow is rapidly decreased transferring
the energy to the rawmaterial.The vapor is saturated by such
quenching process. Therefore, the homogeneous nucleation
and heterogeneous condensation are followed, and this series
of process results in the production of nanoparticles [21, 26–
29].

Silicon nanoparticles and nanowires were fabricated in
this study. It is hypothesized that this phenomenon is caused
by unique properties of silicon such as a high thermal con-
ductivity compared to the metal materials, large latent heat,
and a high vaporization point. In addition, the synthesis of the
silicon nanomaterials is affected by the unique characteristics
of the rapid quenching of arc thermal plasma. Figure 11
explains a synthesis mechanism of silicon nanomaterial by
arc thermal plasma. Figure 11(a) shows the process that the
silicon nanoparticles are synthesized when raw material is
fully evaporated. Silicon vaporizes steadily due to a low
thermal conductivity and a high vaporization enthalpy. The
raw material can be fully evaporated with a sufficient heat
transfer from thermal plasma. The supersaturated silicon
vapor is prepared by the decrease of the silicon vapor tem-
perature with the rapid quenching rate. This supersaturated
silicon vapor is nucleated to produce stable phase. After
the nucleation process, the growth is followed through the
heterogeneous condensation.Therefore, siliconnanoparticles
are fabricated by vaporization and condensation process.

Table 4 shows the thermal properties of copper, alu-
minum, silicon, and alumina. Copper and aluminum have
favorable conditions to be vaporized, because the latent heat
of metal is lower than that of silicon, and the thermal
conductivity of metal is higher than that of silicon. The
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Figure 7: Lowmagnification SEM images at 1,000x for products sampled at the chamber cover in different input powers of (a) 7 kW, (b) 9 kW,
and (c) 11 kW at the fixed plasma forming gas flow rate of 15 L/min.
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Figure 8: High magnification SEM images at 100,000x for products sampled at the chamber cover in different input powers of (a) 7 kW, (b)
9 kW, and (c) 11 kW at the fixed plasma forming gas flow rate of 15 L/min.
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Figure 9: Particle size distributions of products sampled at the chamber cover in different input powers of (a) 9 kW, (b) 11 kW, and (c) 13 kW
at the fixed plasma forming gas flow rate of 15 L/min.

Figure 10: SEM image of product sampled at the chamber cover at
11 kW for the input power and at 12 L/min for the flow rate of plasma
forming gas.

synthesis of nanomaterials has been studied by an enough
enthalpy and a high temperature of thermal plasma for the
complete evaporation.Aluminawhich is ceramicmaterial has
lower thermal conductivity than that of silicon and metals.
The spheroidization of the ceramic material has been studied
by the melting of ceramic material using a thermal plasma
system [32, 33]. Silicon material has the thermal properties
between metal material and ceramic material. Therefore,
silicon is vaporized more slowly than metal and silicon is
believed in both of liquid and gas states in thermal plasma
region. Figure 11(b) shows the suggestion of silicon nanowire
formation. Silicon raw materials received a certain amount
of heat passing through thermal plasma jet in melting state.

The viscosity of molten silicon which is partially vaporized
is decreased with increasing its temperature by heat transfer
from thermal plasma, and viscid molten silicon starts to be
evaporated from surface. Such heated viscid silicon droplets
get momentum by a rapid velocity of plasma gas flow and
deform the shape of the viscid molten silicon to the wire
structure. Therefore, silicon nanowires are produced when
the molten silicon nanowires are cooled down by the rapid
quenching of thermal plasma jet.

4. Conclusion

Silicon nanomaterial was synthesized by the nontransferred
arc thermal plasma system. The solid silicon powder with
40 𝜇m size was used as raw material. Nontransferred arc
thermal plasma was required for the vaporization of the
silicon material because silicon materials have a low thermal
conductivity and high latent heat. Treated silicon nanomate-
rial products from the chamber cover were nanoparticles and
nanowires. The formation mechanism of silicon nanomate-
rial suggested that the synthesis of the nanowire is affected
by the viscosity and the flow rate of the plasma forming
argon gas. Therefore, the diameter of the nanowires was
increased from 16.69 nm to 23.03 nmwith decreasing the flow
rate of plasma forming gas. On the other hand, only silicon
nanoparticle was found at 13 kW for input power and at
15 L/min for gas flow rate. It was hypothesized that the silicon
nanowires are synthesized by the strain ofmolten siliconwith
a low thermal conductivity, and the series of the fabrication
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Figure 11: Synthesis mechanism of silicon nanowires and nanoparticles form microsized silicon powder in the thermal plasma jet.

of the silicon nanowires is affected by the rapid velocity of the
plasma forming gas, when the raw silicon materials were not
sufficiently vaporized. Contrary to this, when the raw silicon
materials were fully vaporized in the condition of 13 kW
for the input power, only spherical silicon nanoparticles
were fabricated from the silicon vapor by the vaporization-
condensation process.Therefore, sufficient heat transfer from
thermal plasma to silicon is required to synthesize silicon
nanoparticles. Since the working gas influences heat transfer,
researches about working gas species and gas injection
method to control silicon nanosized products will be carried
out as future work. In addition, effect of operating condition
on properties of silicon nanomaterials will be studied for
practical application of silicon nanomaterials from silicon
kerf loss.
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