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CHAPTER 1
INTRODUCTION

1.1 Background of the present work

1.1.1 Advantages of composite ultrafine particles

As a size of solid materials is reduced and reaches to the range of about 1 pm to 1
nm, the number of atoms consisting one particles is reduced and the fraction of the
atoms existing on the surface greatly increase. The ultrafine particles with such a
small size have been attracting great attentions of many researchers from the
viewpoints of fundamental and practical research, as they are chemically active and
exhibit different properties from those of the bulk materials. For instance, ultrafine
particles are expected to be used as starting powders for ceramics synthesis and
catalysts due to their high chemical activities. As mentioned above, ultrafine particles
are very interesting materials in aspects of various application, even if they consist of
monolithic component. For instance, when we consider to apply ultrafine particles as
catalysts, monolithic ultrafine particles such as a nickel particle could exhibit
interesting catalytic activity. However, if composite particles such as silica—alumina
are used, they have many variations in composition and structure and may be
expected some additional effects due to the composite structure. The composite
ultrafine particles can be extensively applied in many fields. In addition, when we
use ultrafine particles as catalysts, it 1S necessary to support them on some stable
materials, because the fine particles catalysts are very active and are easily sintered.
Composite fine particles of catalysts and support materials may be advantageous for
stabilizing fine particle catalysts.

In the field of ceramics, ultrafine particles are expected to be used as starting
powders for sintering, since they are easily sintered due to their high surface energy.

In this field, ceramics products are usually fabricated by making the molding from
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starting ceramics powders and subsequently by sintering the molding. In the case of
highly heat resistant ceramics such as silicon carbide (SiC) and silicon nitride (Si;Ny),
they are difficult to sinter, since they exhibit covalent bond natures. In general, some
sintering aids such as alumina (Al,0,) and boron (B) are added when they are
sintered. The sintering aids make it easy to sinter, however, they affect on the
properties of the final ceramics products and usually make the high temperature
strength lower. If we use the surface active ultrafine particles of ceramics, we can
sinter them without sintering aids or with a minimum quantity of them and obtained
superior heat resistant ceramics as a result. Thus ultrafine particles of ceramics may
be effective as starting powders of ceramics products.

Recently it was found that the nano—composite ceramics may have better
properties than monolithic ceramics. For instance, the alumina — silicon carbide
composite ceramics, in which nano—meter—sized silicon carbide particles are
dispersed in the alumina matrix, exhibits superior high temperature mechanical
properties than alumina matrix alone [1]. Most nano—composite ceramics are
fabricated by sintering the molding made of powder mixture of nano-size powder and
matrix powder. In this case, the properties of the produced nano—composite ceramics
would be greatly affected by the homogeneity of the mixed powders. If we used the
composite fine powders as the starting powders, it is expected to be more favorable
suitable for the fabrication of superior nano—composite ceramics, in which nano-size
particles are dispersed uniformly in the matrix.

Silicon carbide (SiC) and silicon nitride (Si;N ,) are well known to have superior
properties in high temperature strength. If the composite fine powders of SiC and
Si,N, can be synthesized, they are expected to be the excellent starting powders of
SiC-SLN, nano-composite ceramics, which exhibit superior properties than SiC or
Si,N, alone. Composite ultrafine particles having composite composition or structure
are suitable for the production of high performance materials. Thus, the syntheses of

composite ultrafine particles has important significance in applications.

1.1.2 Brief summary of production methods of ultrafine particles

There are many methods to synthesize ultrafine particles. Since it is difficult to
make small particles with a size of less than 1 um by mechanical grainding of bulk
materials, ultrafine particles are synthesized generally by physical evaporation of
atoms or chemical reactions of molecules (building up process). The building up
processes are generally classified into two groups; liquid—phase method and vapor-

phase method. The representative methods are listed as follows.

A. Vapor—phase method
A-1. Evaporation method

In these methods, starting bulk materials are heated and evaporated, then the vapor
are quenched and condensed to ultrafine particles.
A-1-1. Low pressure evaporation method

Metals are heated and evaporated at low pressure inert atmosphere (1 — 100 Torr,
He or Ar), then the metal vapors are condensed to ultrafine particles in gas—phase.
The ultrafine particles of almost all the metals and their alloy can be synthesized by

this method.

A-2. Vapor—phase reaction method

In this method, ultrafine particles are synthesized by the chemical reaction of metal

compound vapor.
A-2-1 Furnace method

[n this method, the reaction vessel is heated by the outside electric furnace. [t 1s
relatively easy to manipulate and control the process. Ultrafine particles of oxides,
carbides and nitrides are synthesized by this method.

A-2-2 Chemical flame method

In this method, particles are synthesized by supplying the metal compound vapor




into chemical flames such as H,-O,, or CxHy—Oz. Oxide ultrafine particles such as
SiO,, AL O, and TiO, can be synthesized.
A-2-3 Plasma method

In this method, source gases or powders are introduced into the thermal plasmas
such as D. C. arc plasma or radio frequency plasma (R.F. plasma). Then, the source
materials are heated at the high temperature zone of the plasma. Ultrafine particles are
synthesized by evaporation and chemical reaction at high temperature zone of the
plasma and subsequently quenching process. Ultrafine particles of metals, oxides,
carbides and nitrides are synthesized by this method.
A-2-4 Laser—induced gas—phase reaction method

Reactant gases are irradiated with a laser light and are heated by laser light
absorption of the reactant gases themselves. Ultrafine particles are synthesized by
decomposition and chemical reaction of the reactants, which are caused by laser light

absorption. Ultrafine particles such as SiC, Si;N,, Si, TiO, and B,C are derived by

this method.

B. Liquid phase method
B-1. Precipitation method
B-1-1. Homogeneous precipitation method

In this method, precipitation reagents are gradually produced in solutions by
chemical reactions, then, high purity fine particles are precipitated by formation of
homogeneous precipitation reagents. If the production rate of precipitation reagent is
sufficiently low, single crystalline particles are derived. Hydroxides of Fe, Al, Sn,
Ga, Th and Zr or basic salts are possibly precipitated.
B-1-2. Co-precipitation method

Homogeneous precipitates are produced by adding precipitants into a mixed

metallic salts solution. Fine particles are derived subsequently by thermal

decomposition of these precipitates. Compound oxides containing more than two

metallic component, such as BaTiO,, can be obtained.
B-1-3. Alkoxides hydrolysis method

In this method, monolithic or compound oxide fine particles are derived by
hydrolysis of metal alkoxides (M(OR)n). Most alkoxides are easily purified due to
their volatility, and it is not necessary to add any ionic additives during hydrolysis.
High purity fine particles can be derived by this method.
B-2. Solvent evaporation method
B-2-1. Freeze drying method

Droplets of metallic salts solution are sprayed onto low temperature liquid such as
liquid nitrogen and are instantaneously freezed, then, they are freeze—dried. Fine
particles are derived by pyrolysis of the freeze—dried powders. These powders
exhibit high surface area, because freezed droplets do not shrink during freeze—drying
process.
B-2-2. Spray drying method

A solution is sprayed into a hot air wind of several hundreds Kelvins and dried
instantaneously.
B-2-3. Spray thermal decomposition method

A solution is sprayed into a high temperature atmosphere. Then evaporation of the
solvent and thermal decomposition of metallic salts occur. Oxides powders are

derived in one step by this method.

Most liquid phase methods do not require the large scale facilities or expensive
apparatus. The product powders can be easily collected. However, it is extremely
difficult to synthesize non-oxide fine particles, such as nitrides and carbides, because
most liquid phase method uses hydrolysis reaction of alkoxides and it is difficult to
remove oxygen from the solution or the atmosphere.

In Vapor phase methods, rather expensive apparatus, such as vacuum chambers

and plasma equipments are needed. However, not only oxides fine particles but also
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non-oxide, metal and their composite particles can be synthesized by these methods.
For this reason, most carbide and nitride ultrafine particles are synthesized by vapor-
phase methods.

Vapor—phase methods are generally classified into two groups; evaporation
method and gas—phase reaction method. In evaporation method, source materials are
heated and evaporated, then they are quenched and condense to ultrafine particles.
Particles are basically produced by physical processes of evaporation and
condensation. This method is suitable especially for the production of metal and alloy
particles. Gas—phase reaction methods include also physical heating and quenching
process, moreover they take advantage of chemical reaction for production of
particles. This method is suitable especially for the production of non-oxide

particles.

1.1.3 Characteristic of laser-induced gas-phase reaction method and
R. F. plasma method

There are four representative methods in gas—phase reaction methods as
mentioned above. In furnace method, relatively simple equipments are used and the
process is easy to control among those methods. The problems are contamination
from the reactor wall and reactions between reactant gases and reactor wall, since the
reaction vessel are heated by the outside electric furnace. In addition, the maximum
reaction temperature can be around 2000 K.

In chemical flame method, particles are synthesized by supplying metal compound
vapor to the high temperature chemical flame, such as H,—O, flame. In this case, the
chemical flame does not contact directly with the reactor wall, and the reactor wall 1s
kept relatively low temperature, so contamination from the reactor wall could be
suppressed. Metallic ultrafine particles, such as W and Mo are synthesized by

reduction of metallic fluoride using a reductive flame, such as H,-F, flame.

However, most particles produced by this method are limited to only oxides, and

nitride and carbide particles cannot be produced.

In plasma method usually two kinds of plasma, D.C. arc and R. F. plasma are used,
and both plasma can generate extremely high temperature around several thousand
Kelvins. Ultrafine particles are produced by supplying source materials to the high
temperature zone. D. C. plasma is stable, but contamination of impurities from
electrodes may occur, because electrodes are placed in the reaction vessel. On the
contrary, R. F. plasma is relatively unstable and weak at disturbance, such as injection
of solid materials. But, in the case of R. F. plasma, contamination of impurities from
electrodes does not occur, because R. F. plasma can be generated by non-electrode
discharge and plasma flame does not contact directly with the reaction vessel.
Moreover it has many characteristic features as follows;

(1) The size of R. F. plasma flame is larger compared to D. C. plasma.

(2) The gas velocities can be kept low and residence time of reactant at high
temperature zone can be made longer compared to D. C. plasmas.

(3) Oxidative, reductive and corrosive atmospheres are available and it is possible

to produce oxide, nitride and carbide particles.

In laser-induced gas—phase reaction method, ultrafine particles are synthesized by
chemical reactions, which are caused by irradiating with a laser light to reactant gases
having absorption to the wavelength of the laser. Since only reactant gases are heated
by the irradiation with a laser light, this method have several advantages as follows;

(1) Since the reaction vessel remains at low temperature, contamination of

impurities from the reaction vessel wall does not occur.

(2) Reactions occur within a restricted area and reaction process is uniform.

(3) Because of the easy operation of the laser beam, the synthesis conditions are

controlled precisely and reproducibly.

(4) It can be a very fast heating and cooling process under a certain condition.

:ﬁ;
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In laser—induced gas—phase reaction method, at least one reactant gas must absorb
laser light, so a kind of reactant gases are restricted. In most cases, CO, laser is used
in this method, because high output power is derived and energy efficiency is high.
As a reactant gas, monosilane (SiH,) is used in many cases since it strongly absorbs
CO, laser light. Ultrafine particles of SiySiC SN, TiO,, B,C etc, are synthesized
by this method.

As mentioned above, there are many kind of method to synthesize ultrafine
particles. From the view point of synthesis of composite ultrafine particles, only
oxide composite particles can be synthesized by liquid phase methods. In vapor-
phase methods, non-oxide particles as well as oxide can be synthesized. Vapor-
phase methods can be applied in various materials and more suitable to produce
composite particles than liquid—phase methods.

Among vapor—phase methods, laser-induced gas—phase reaction method is
suitable for production of composite ultrafine particles, since it has many advantages
as mentioned above, even though reactant gases available are restricted to those
having absorption of laser light. Moreover, production of ultrafine particles by laser
is relatively new method and was started by Haggerty et al. [2,3] at the beginning of
the 1980s. At the present time, FeXSinZ composite ultrafine particles were
synthesized from SiH,/C,H,/Fe(CO), [4] and SiC-Si,N, composite ultrafine particles
were synthesized from (Me,Si),NH [5-7] or from SiH,/CH,NH, [8] or from
SiH,/CH,NH,/NH, [9] by laser—induced gas—phase reaction. They showed that it
was possible to synthesize composite ultrafine particles by laser—induced gas—phase
reaction method, but no precise investigation has been reported regarding the

structure of composite particles.

1.1.4 Structural analysis of composite ultrafine particles
It is very important to study the structure of composite ultrafine particles for the

synthesis and application of fine particles, because the properties and functions of

composite fine particles strongly depend on the structure.

Recently, the MAS-NMR is finding new applications in solid inorganic systems
such as silicate and zeolite [10]. In addition, this technique is also useful for the study
of non-oxide materials [11,12]. In last few years, a number of NMR investigations
about the structure of SiC and Si,N, have been reported. Most of them were
concerned with well-known structures such as a— and -SiC and a- and B-Si;N,
and their polytypes. [11-19]. These investigations revealed that different Si
configurations in the crystals can be clearly distinguished by YSi-MAS-NMR, since
it is very sensitive to the local structure around Si atom. Even though there are a few
NMR studies about practical commercial powders, they showed that information
about the crystallinity and defects of the powders can be obtained by MAS-NMR at
some extent. In the case of inorganic solid it is rather difficult to get standard
inorganic materials for solid NMR and the solid NMR spectra are sometimes
broadened by their poor crystallinity or defects, which make their analysis somewhat
complex. However, information about the local structure, which cannot be obtained
by other method, can be obtained by MAS-NMR. It is expected to be more
important method for structural analysis of ceramics ultrafine particles in future.

ESR also provides the information about the local structure, even though the object
of study is limited to paramagnetic defects. There are few ESR study of ceramics,
because conventional ceramics usually contain much paramagnetic impurities such as
Fe and Mn, which contaminate during the process such as grainding. In addition,
most ceramic materials is not transparent like glass or single crystalline materials,
therefore ceramics is not so interesting in optical applications than glasses or single
crystals. At the present there are many ESR studies on CVD Si;N, films for
integrated circuit, but, ESR studies on Si;N, powders and SiC are still few. In the
field of ceramics, the purity of ceramics are getting higher using highly pure powders
to improve the properties. ESR is expected to become important method for the

characterization of ceramics in near future.




1.2 Objectives and outline of the present work

In this research, the syntheses of composite ultrafine particles by laser—induced
gas—phase reaction method and plasma method were studied. In laser—induced gas-
phase reaction method, the syntheses of silicon carbide (SiC) and silicon carbide -
silicon nitride composite ultrafine particles (SiC-Si,N,) were studied. The syntheses
of SiC particles were studied as the first stage of the study on the syntheses conditions
of composite ultrafine particles. The SiC-Si,N, composite ultrafine particles were
chosen, because they are expected as superior starting powders for ceramics
composites. The SiC-Si,N, composite ultrafine particles were syhthesized and their
structures were studied in order to study what composite particles could be
synthesized by laser—induced gas—phase reaction method.

R. F. plasma method is also suitable for the production of non-oxide or oxide
composite ultrafine particles, since it provides interesting conditions such as ultrahigh
temperature for reactions. Such a unique condition may result in unique structure or
property of the composite particles. The syntheses of SiC-Si,N, composite ultrafine
particles by R. F. plasma were studied in this research. Moreover, the syntheses of
silica—alumina (Si0,°Al,0,) ultrafine particles by plasma method and its catalytic
activity were studied as a fundamental study on the catalytic application of ultrafine
particles.

The structure and composition of the particles are very important in application of
the particles, and especially in the case of composite particles their composite
structure greatly affect on their properties. In this research the structure and
composition of the composite particles were studied by usual method such as X-ray
diffraction (XRD), transmission electron microscope (TEM) and X-ray photoelectron
spectroscopy (XPS). Moreover, the local structure of SiC-Si,N, particles were studied
by magic angle spinning nuclear magnetic resonance spectroscopy (MAS-NMR) and

electron spin resonance spectroscopy (ESR) to clarify the local structure of composite

10

particles.

The outline of the present thesis is as follows.

Chapter 2 describes the syntheses of SiC ultrafine particles using a CO, laser as a
first stage of the study on the synthesis conditions of composite particles. SiC
particles were synthesized from dichlorosilane (SiH,Cl,) and monosilane (SiH,). The
difference of synthesis processes between SiH,Cl, and SiH, was considered

thermodynamically.

Chapter 3 describes the syntheses of SiC-Si,N, composite ultrafine particles
using CO, laser. SiC-Si;N, composite particles were synthesized from SiH,, C,H,,
NH, gases and their structures were studied by XRD, TEM and XPS. It was found

that the composite powders were not the simple mixture of SiC and Si;N,.

In Chapter 4, the local structure of SiC-Si,N, composite particles were studied

by ?Si-MAS-NMR and ESR.

Chapter 5 describes the synthesis of SiC-Si,N, composite particles by R.F.
plasma. The structure of composite particles produced by the plasma were studied by
2Si-MAS-NMR.

In chapter 6, The syntheses of silica—alumina ultrafine particles by a R. F. plasma
were studied. The catalytic activity of the particles was investigated as a model case

of catalytic application of ultrafine particles.

Finally, Chapter 7 summarizes the present results.

11
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CHAPTER 2

SYNTHESES OF SiC ULTRAFINE PARTICLES BY LASER-INDUCED
GAS-PHASE REACTION METHOD

2.1. Introduction

The laser—induced gas phase reaction is an excellent method of obtaining ultrafine
particles of very pure and uniform in composition and size. Ultrafine particles of Si
[1,2], SiC [1-7], Si,N, [1,2,9,10], SI/C/N [11-13], B,C [14], and Fe/Si/C [15] have
been synthesized by laser—induced gas phase reaction. A CO, laser [1-5,16] was
used in most investigations, while an excimer laser [17] or a YAG laser [18] has been
used in some investigations. Most researcher synthesized SiC and Si,N, particles
using CO, lasers with SiH, as the starting material under reduced pressure.

In laser—induced gas phase reaction, reactant gas must absorb laser light. There
are a few gaseous Si source absorbing CO, laser such as SiH, and SiH,Cl,. SiH,
strongly absorbs CO, laser light and has only silicon and hydrogen atoms, so it is
suitable for the production of highly pure ultrafine particles. However, SiH, is
expensive and difficult to handle because of its spontaneous ignition in air. The
process would be more economical if a compound other than SiH, was available as
the silicon source and could be reacted at atmospheric pressure. Bauer et al. [16,19]
have reported the syntheses of Si and Si,N, powder from SiH,Cl, and SiCl, which are
cheaper and less dangerous than SiH,.

In this chapter the synthesis of ultrafine SiC particles from SiH,Cl, and C,H, at
atmospheric pressure was studied as a first stage of the study on the synthesis of SiC-
Si,N, composite particles. In addition, SiC particles were also synthesized from SiH,
and C,H, to compare their reaction processes. In laser-induced gas—phase reaction
method, the gaseous sources were irradiated with laser light and heated up to about

3000 K. The reaction zone was luminous like a flame and that was called "reaction




flame". The absorption of laser light and the decomposition of source gases and

production of particles occurred within this restricted area. The behavior of the laser

light absorption and the reaction flame temperature is quite important to elucidate the

reaction mechanism and to control the reaction during powder synthesis by Jaser—

induced gas—phase reaction. Nevertheless, there are few reports on the behavior ot

the laser light absorption during powder synthesis. In this research, the relationship
between the reaction flame temperature and the extent of laser light absorption was

studied and the difference between the behavior of SiH 4—C2H q and that of SinClz—

C,H, was considered thermodynamically.

2.2 Experimental procedures

Figure 2.1 shows the schematic diagram of the CO, laser reactor. After the reactor
had been evacuated, argon gas was introduced. Then, a gas mixture of SiH,Cl, and
C,H, or of SiH, and C,H, was introduced through a 1 mm i.d. stainless steel pipe and
irradiated with a CO, laser beam at right angles at atmospheric pressure. The
wavelength of the CO, laser was 10.6 pm and the maximum laser power was 150 W.
The laser beam, diameter of 10 mm, was focused by a 7ZnSe lens. The laser beam
diameter at the reaction zone was changed by varying the distance between the lens
and the reaction zone. A beam diameter at the reaction zone of 2 or 4 mm was used
in this experiment. The temperature of the reaction flame was measured using a
pyroscope having a measurable range from 1273 to 3073 K. In the case of the
powder synthesized from SiH,Cl,, the powder gave off a strong HCI odor, and was
dried at about 373 K for at least 2 h in a nitrogen flow until no odor remained.

The powders were subsequently analyzed by X-ray diffraction (XRD) for the
crystalline phase, and by the one—point BET method for the specific surface area.
The oxygen content of the powders was determined by N, O analyzer (HORIBA
EMGA-550), and carbon content was determined by coulometry or by C analyzer

(HORIBA EMIA-510). Particle morphology and structure were observed by
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a
:
?
L

transmission electron microscopy (TEM, HITACHI, H800-NA) and selected—area

electron diffraction (SAED). The samples for TEM were prepared using a dispersion
method. A dilute dispersion of the powder in reagent—grade ethanol was

homogenized by an ultrasonic probe. Then a drop of dispersion was placed on a

microgrid 3-mm-diameter, followed by drying at room temperature. Chlorine

present in the powder as an impurity was determined by atomic absorption analysis
indirectly to measure silver. Fourier transform photoacoustic emission (PAS) spectra

were taken for several powders using FTS—-65 (Bio—Rad). PAS spectra were obtained

at a resolution on 4.0 cm™.

The amount of laser light absorption was estimated from the difference of laser
power before and after passage through the reactor, correcting for the absorption by

the ZnSe windows.

2.3 Synthesis of SiC ultrafine particles from SiH,Cl, and C,H,

2.3.1 Characterization of the powder
Table 2.1 summarizes the reactant gas flow rate, reaction flame temperature,

specific surface area, crystalline phase and carbon and oxygen contents. These
powders were synthesized at different reactant gas flow rates at a laser power density
of 3.66 kW/cm?. In the case of the SiH,Cl, flow rate of 10 standard cm®/min (st.
cm®/min), the reaction flame temperature was less than 1273 K at a low C,H,/SiH,Cl,
flow ratio, but increased rapidly to over 3073 K as the C,H,/SiH,Cl, ratio exceeded
0.5. The specific surface area became maximum near C,H,/SiH,Cl, = 0.5. TEM
observation showed that the particle size of the powder became minimum near
C,H,/SiH,Cl, = 0.5. The same trend was observed at a SiH,Cl, flow rate of 20
st. cm’/min. The total carbon content of the powder increased linearly with a rise in the
C,H,/SiH,Cl,. (Fig. 2.2) These powders contained a large amount of oxygen,
especially when the powders were synthesized with SiH,CIL, only or at a l()w

C,H,/SiH,Cl, ratio. It was thought that these powders oxidized in air because they
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were handled in air. The powders contained a small amount of chlorine: 0.23 wt% in
sample 10, 0.26 wt% in sample 11 and 0.24 wt% in sample 13. Based on the results
of composition analysis, the amounts of free carbon and SiC were calculated by
assuming that the powders consisted of carbon, silicon and oxygen, and oxygen
present as Si0,, and silicon other than SiO, present as SiC. The amount of free
carbon became minimum (about 5 wt%) near C,H,/SiH,Cl, = 0.5, which was the
stoichiometric ratio for SiC formation. (SiH,Cl,(g) + 1/2C,H, = p-SiC(s) +
2HCI(g) + H,(g)). Free carbon increased rapidly as the C,H,/SiH,Cl, ratio increased.
The amount of SiC became maximum (about 70 wt%) near C,H,/SiH,Cl, = 0.5, and
then decreased as C,H,/SiH,Cl, increased. These results show that the free carbon
formed easily and the amount of free carbon increased as C,H /SiH,Cl, increased.

Figure 2.3 shows the TEM photographs of particles synthesized by using a CO,
laser. When the powder was synthesized from SiH,Cl, only (Fig. 2.3(A)), the powder
consisted of two types of particles; large (0.1 to 0.7 pm) spherical particles and
smaller ones agglomerated into secondary particles. With increasing the C,H, flow
rate, the particle size decreased to around 0.3 um at a C,H /SiH,Cl, ratio = 0.3 (Fig.
2.3(B)). Many of these particles were agglomerated strongly to each other. At a
C,H,/SiH,Cl, ratio = 0.5 (Fig. 2.3(C)), the particles were generally spherical, 0.04 to
0.07 um in size, although still partly agglomerated. Some of them had radial
projections, as shown in the lower left portion of the photograph. At a C,H,/SiH,Cl,
ratio = 1.3 (Fig. 2.3(D)), the particles were increased in size, and tended to be
agglomerated more. Flake-shape particles, in addition to those having radial
projections were observed.

Selected area electron diffraction (SAED) patterns were obtained to determine the
crystalline phase of each particles. Figure 2.4 shows a TEM photograph and SAED
patterns of the particles synthesized with SiH,Cl, only. This powder consisted of two
kinds of particle: large spherical particles whose size was in the 0.1 — 0.7 um range,

and smaller particles agglomerated into secondary particles. From the electron
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Fig. 2.3 TEM photographs of the particles synthesized using a CO, laser from SiH,Cl,

and C,H,.

(A) SiH,Cl, = 20 standard cm*/min, C,H, = 0 standard cm’/min
(B) SiH,Cl, = 10 standard cm®/min, C,H, = 3 standard cm’/min
(C) SiH,Cl, = 10 standard cm*/min, C,H, = 5 standard cm®/min

(D) SiH,Cl, = 10 standard cm?/min, C,H, = 13 standard cm*/min

21

Fig. 2.4 TEM photographs of the particles synthesized using the CO, laser with SiH,Cl,

= 20 standard cm?/min, and SAED patterns of part A and B.
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diffraction results, it was found that the large spherical particles were amorphous and
the smaller agglomerated particles were crystalline silicon.

Figure 2.5 shows TEM photographs and SAED patterns of the various kinds of
particles observed in the powders synthesized from a gas mixture of C,H, and
SiH,Cl,. From the results of TEM observations, the powder synthesized at a low

(22H4/Si}112C12 ratio (0.3) consisted of strongly agglomerated particles (Fig. 2.5(a))

with a size of 0.3 um. The powder synthesized at C2H4/SiH2C12 = 0.5 consisted of
basically spherical particles (Fig. 2.5(b)), whose size was in the 0.04-0.07 um range,
and the particles (Fig. 2.5(c)) which had radial projections. The powders at a high
C,H,/SiH,Cl, ratio (1.3) consisted of particles as in Fig. 2.5(c) and particles as in Fig.
2.5(d) with a shape close to hexagonal, and a film-like material (Fig. 2.5(¢)). From
the results of SAED, it was found that particles in Fig. 2.5(a) were a mixture of
silicon and SiC; particles in Fig. 2.5(b) and (c) were SiC; particles in Fig. 2.5(d)
were mostly carbon including a small amount of SiC; and the film-like material (Fig.
2.5(e)) was carbon. The formation mechanism of the particles in Fig 2.5(c) was not
clearly understood, but it was speculated that SiH,Cl, or chlorine might play a role in
the formation of these particles, because they could not be observed in other SiH,-
C,H, systems [3].

Figure 2.6 shows the typical photoacoustic spectra (PAS) of the powders. SiC
(around 800 cm™) and Si0O, (around 1100 cm™) were observed in all the samples. A
small peak of the Si-H bond (2150 cm™) was observed in the powder synthesized
with SiH,Cl, = 20 st. cm?®/min and C,H, = 5 st. cm?/min at a reaction flame

temperature of 2823-2933 K.
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2.3.2 Reaction mechanism
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Fig. 2.5 TEM photographs and SAED patterns of the various type of particles

Silicon particles were produced by irradiating SiH,Cl, with a CO, laser. In the observed in the powders synthesized with SiH,Cl and C.H, using the CO
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Fig. 2.6 Typical PAS spectra of the powders.
(A) SiH,CL, = 20, C,H, = 5 standard cm’/min (Sample 10)
Reaction flame temp. = 2823-2933 K
(B) SiH,Cl, = 20, C,H, = 10 standard cm®/min (Samplc 11)
Reaction flame temp. = 2573-2693 K
(C) SiH,Cl, = 20, C,H, = 15 standard cm?/min (Sample 13)

Reaction flame temp. = >3073 K

temperature range, silicon particles formation by direct decomposition of SiH,Cl, was
difficult because the equilibrium constant of direct decomposition of SiH,Cl, was
small.
SiH,Cl(g) — Si(s) + 2HCl(g), log Kp = 0.237, 1300 K [20] (1)
AH = 135.1 kJ/mol (1300 K)
The equilibrium phase diagram of the Si-H-Cl system [21] shows that SiCl,, SiHCl,,
SiH,CL, SiHCl,, SiCl,, and SiCl, are present in a gaseous phase below 1273 K.
Therefore, it was considered that SiH,Cl, underwent a disproportionation reaction
during CO, laser irradiation and more reactive species, such as SiH,Cl were formed.
A gas chromatographic analysis of the chlorosilanes was performed to check the

occurrence of disproportionation reaction of SiH,Cl,. Figure 2.7 shows the result of
the gas chromatographic analysis of the chlorosilanes in the exhausted gas from the
reactor when 30 st. cm?*/min of SiH,Cl, was irradiated with a 3.2 kW/cm?* CO, laser
having a 2 mm beam diameter. The large argon peak as a carrier gas, and peaks of
SiCl,, SiHCl,, SiH,Cl, were observed. Moreover, a trace peak, which was speculated
to be SiH,Cl from its peak position, was observed. This result shows that the
disproportionation reaction of SiH,Cl, took place and various kinds of chlorosilanes
were formed. Silicon particles were considered to be formed mainly from the highly

reactive species such as SiH,Cl and SiH, produced by the disproportionation reaction.

2.3.2.2 SiC formation

Figure 2.8 shows the laser absorption of SiH,Cl, and C,H, reactant gases, where
the laser beams of 100W and 10.6 um wavelength were irradiated onto the reactant
gases flowing at various flow rates. The laser absorption of both SiH,Cl, and CH,
increased almost linearly with increasing their flow rates. This suggested that the
laser beam was absorbed in proportion to the quantity of the reactant gas passing
through the beams per unit time, since the laser beam was absorbed very fast. It was

further observed that SiH,Cl, and C,H, gases absorbed the laser beam to almost the
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Fig. 2.7 The results of the gas chromatographic analysis of the chlorosilanes in the
exhausted gas from the reactor when 30 standard cm?/min SiH,Cl, was
irradiated by a CO, laser of power 3.2 kW/cm? and diameter 2 mm.

Sampling gas 1.0 ml, column DC550 (15%) supported Serite 545, SUS 3 mm

diameter, 5 m, Column temperature 323 K, detector temperature 353 K, carrier

gas He 30 ml/min.
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Fig. 2.8 The extent of laser light absorption by SiH,Cl, and C,H, as a function of
reactant gas flow rate at irradiation of 100 W laser bcam.
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same extent.

The change of the reaction flame temperature with laser power density was studied
to clarify the reaction mechanism. When the CO, laser was used to irradiate a
mixture of SiH,Cl, and C,H, at C2H4/SiH2C12 = 0.5 and 0.6, hysteresis was observed
between the reaction flame temperature and the laser power density (Fig. 2.9). After
increasing the laser power gradually, the reaction flame temperature was low (<1237
K) until the laser power density reached about 3.3 kW/cm?. Then it suddenly
increased and reached around 3000 K. Once the reaction flame temperature reached
around 3000 K, it maintained the high temperature until the laser power density
decreased to around 2.0 kW/cm?®. Then, it abruptly decreased to less than 1273 K.
Table 2.2 lists the properties of the powder synthesized at low and high reaction flame
temperature at C,H,/SiH,Cl, = 0.5 and a laser power density of 2.87 kW/cm? The
powder synthesized at a low reaction flame temperature showed broad SiC pattern by
XRD, but contained less carbon and more oxygen than that synthesized at a high
reaction flame temperature. This results suggested that the powder synthesized at a
low reaction flame temperature was not sufficiently carbonized and it contained low
crystalline SiC and amorphous phase. The surface area of the powder synthesized at
a low reaction flame temperature was small, and these particles were found by TEM
observation to be strongly agglomerated.

The reason for the steep increase in the reaction flame temperature was
assumed to be that two exothermic reactions, which were a decomposition of C,H,
12C,H,(g) = C(s) + Hy(g), AH = -18.1 kJ/mol (1300 K) [20] (2.2)

and carbonization of silicon
Si(s) + C(s) = p-SiC(s), AH=-72.8 kJ/mol (1300 K) [20] (2.3)
were started by increasing the laser power density, and the reaction flame temperature
was increased due to their heats of reaction. Assuming that SiH,Cl, was decomposed
into Si(s) and 2HCI(g) at 1300 K by using absorbed laser energy, the reaction
Si(s) + 2HCI(g) + 1/2C,H,(g) — B-SiC(s) + 2HClI(g) + H,(g), (2.4)
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Fig. 2.9 Reaction flame temperature change as a function of laser power density.
20 standard cm?/min SiH,Cl,, and (@) 10 and (o) 12 standard cm’/min C,H,.
SCCM = standard cm?/min
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Table 2.2 The properties of the powder synthesize

d at high and low reaction

flame temperatures. SitkQl: = 20 stcm * /min, C:Hs = 10 stem * /min,
laser power density = 2.87 kW/cm

Reactant gas

Reaction  Specific ~ Crystalline Composition

flow rate
flame surface state
Sample SiH:Cl.  CaHa temp. arca C O
st. cm  /mi L wt%)  (Wt%)
no. (st. cm ~ /min) (K) (m " /g) (
15 20 10 2773 2432 SiC 26.5 158
-3073
16 20 10 <1273 4.4 SiC 18.2 25.2
(broad)

AH = -90.8 kJ/mol (1300 K)
proceeded quantitatively, and the heat of reaction was used entirely to heat all the
products, the calculated reaction temperature was about 1900 K (heat capacity Cp
(1300 K), 51.0 J/mol K, for SiC(s); 33.1, for HCI(g); 31.4 for H,(g) were used) [20].
The actual reaction flame temperature was more than 2600 K (Fig. 2.9), so the steep
increase in the reaction flame temperature could not be explained solely due to the
contribution of the heat of the exothermic reactions.

Figure 2.10 shows the extent of laser light absorption when laser power density was
changed. Hysteresis was observed between the extent of laser light absorption and
laser power density, similar to the case of the reaction flame temperature and laser
power density. When the laser power density was increased gradually, the amount of
laser absorption was about 4 W until the laser power density reached about 3.0
kW/cm? which was almost equal to the power density at which the reaction
temperature abruptly increased. Then, the amount of laser absorption abruptly
increased. The degree of the laser light absorption change depended on
C,H,/SiH,Cl, ratio, becoming 2 W at C,H,/SiH,Cl, = 0.5, 6 W at C,H,/SiH,Cl, =
0.75. The increase in laser light absorption could be explained by solid particles
formation as discussed later.

Assuming that the laser light absorption increase was all spent to heat the products,
the increase in the reaction flame temperature by the laser light absorption increase
could be calculated (heat capacity Cp (1300 K), 5.5 cal/mol K for C(s) were used)
[20]. In the case of SiH,Cl, = 20 and C,H, = 10 st. cm?/min, the temperature increase
by the 2 W laser power was about 900 K and in the case of SiH,Cl, = 20 and C,H, =
15 st. cm®/min, the temperature increase by 6 W laser power was about 2300 K. In
the latter case, the increase in laser light absorption was enough to explain the steep
increase in the reaction flame temperature. However, in the former case, the increase
in laser light absorption was insufficient to cause a steep increase in the reaction

flame temperature by itself, although a steep increase of more than 1800 K took place.
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Fig. 2.10 Laser power absorption change as a function of laser power density.
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20 st. cm?/min SiH,CL,,
(o, m) 10 st. cm*min C,H,, (0,®) 15 st. cm’/min C,H,.

SCCM = standard cm®/min (st. cm®/min)

Therefore, it was considered that the steep increase in the reaction flame temperature

was caused by both the initiation of exothermic reactions and the increase in laser
light absorption which took place simultaneously.

Solid particles, having a strong absorption band near 10.6 um (943 cm™'), were
considered as a reason for the laser light absorption increase. However, silicon did
not have an absorption band near 10.6 um. SiC had a strong absorption band near
10.6 um [22]. Carbon had a strong absorption in the wide region ranging from 25 -
2.5 um, that was confirmed by measuring the infrared transmittance of the carbon
black (2 wt%) in the KBr pellet. Therefore, SiC and carbon particles, which were
formed in the reaction flame, were considered to contribute to the laser light
absorption increase. In particular, the formation of carbon particles was considered to
have a more important role than SiC, for the following reasons.

1. A steep increase in the reaction flame temperature could not be observed at
the low C,H,/SiH,Cl, ratio (<0.3), even though SiC particles were formed at that
ratio.

2. The degree of laser light absorption increase was larger at C,H,/SiH,Cl, =
0.75 than at C,H,/SiH,Cl, = 0.5. In the former case, the product powder showed a
high carbon content (36.4 wt%) and free carbon was observed by XRD. However,
in the latter case, the carbon content of the powder was 25.7 wt% and free carbon
was not observed by XRD.

The hysteresis between the reaction flame temperature and laser power density
(Fig. 2.9) could be explained as follows: when a gas mixture of SiH,Cl, and sufficient
C,H, was irradiated with a CO, laser, whose power was gradually increased, the laser
absorption and the reaction flame temperature could gradually increased, even though
the increase in the reaction flame below 1273 K could not be observed by the
pyroscope used in this experiment. As the reaction flame temperature increased, the
endothermic reaction of the decomposition of SiH,Cl, (Eq. 2.1) and exothermic

reaction of the decomposition of C,H, (Eq. 2.2) would proceed depending
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exponentially on the reaction flame temperature. While the decomposition of SiH,Cl,

, " : e e
is endothermic, the decomposition of C,H, and the carbonization of sili

exothermic. The decomposition of SiH,Cl, would proceed by absorbing laser energy.

Then, as the exothermic reaction of the decomposition of C,H, and the carbonization

of Si proceed the heat of the reactions was liberated and was allowed to increase the

reaction flame temperature. The increase in the reaction flame temperature

accelerated these reactions more. Moreover, if the carbon particles were formed by
the decomposition of C,H,, carbon particles could absorbed more laser light and the
increase in laser absorption by carbon particles would cause the rapid increase in the
reaction flame temperature. As the results, these process happen in very short region
of laser power density and caused a steep increase in the reaction flame temperature.
Once the reaction flame temperature became high enough, the carbon particle
formation was continued to some extent by the high flame temperature itself, even if
the laser power was decreased. So a high laser light absorption and a high flame
temperature were maintained at a certain laser power density.

[t was found by XRD that SiC was formed both at high and low reaction flame
temperature. However, the mechanism of SiC formation could be different in each
case.

In the case of low reaction flame temperature (<1273 K), SiCl,, SiHCl,, SiH,Cl,
and a trace peak speculated to be SiH,Cl, were observed in the exhausted gas from the
reactor by gas chromatographic analysis. SiH,Cl, underwent a disproportionation
reaction during laser irradiation and various kind of chlorosilanes and silane were
formed. Therefore, the mechanism of SiC formation was very complex, but highly
reactive species such as SiH, and SiH,Cl were considered to play a very important
role, especially at low temperature. Some SiH,Cl,, SiHC, and SiCl, were exhausted
outside without any further reaction.

In the case of the high reaction flame temperature (>3073 K), all the products of

the disproportionation reaction, even the least reactive SiCl,, could react with C,H,

o

forming SiC. However, small amounts of SiCl,, SiHCIL, and a trace of SiH,Cl, were
observed in the exhausted gas from the reactor by gas chromatographic analysis in
spite of the high reaction flame temperature (>3073 K). This result indicated that
small part of SiCl, and SiHCI, were exhausted outside without any further reaction.
Some part of these compounds might form a polymeric compound, because Si—-H
bond was observed in the PAS spectra (Fig. 2.6) and in most experiments, a small
amount of liquid material was observed near the gas outlet of the reactor. This liquid
material was transparent and emitted a strong HCI odor and solidified in air within
several tens of minutes. In addition, the polymeric compound might be formed at a
Jow reaction temperature. In this experiment, the laser beam diameter was so small (2
mm) that the laser power density might be insufficient at the edge of the beam or that
the residence time of reactant might be too short to complete the reaction. To
complete the reaction, an increase in laser power or enlargement of the beam diameter

would be needed.

2.4 Synthesis of SiC ultrafine particles from SiH, and C,H,
2.4.1 Characterization of the powder
Table 2.3 shows the preparation conditions, the composition, the specific surface

area and the crystalline state of the SiC powders synthesized from SiH,-C,H, and
SiH,CL-C.H,. In the case of SiH,-C,H,, when the laser beam diameter was 4 mm
and the power density was 0.4 kW/cm?, the product powder contained much Si and
XRD showed Si and amorphous phase. The reaction flame temperature was very
unstable and it sometimes changed between just below 1273 K and 2200 K. TEM
observations showed that the powder synthesized at a 4 mm beam diameter and a 0.4
kW/cm? power density (sample no. 17), consisted of mainly amorphous particles,
with a particle size ranging from 20 to 60 nm. The SAED pattern showed a Si ring

and an amorphous halo. The laser power density of 0.4 kW/cm? was not sufficient to

form SiC powder.
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In the case of laser power densities of 0.92 and 3.66 kW/cm?, the carbon content of

the powder increased and the crystalline phase changed from the mixture of Si and
SiC to SiC, as the C,H, flow rate increased. The carbon content of the powder
reached 30.5 wt% at a C,H,/SiH, flow ratio of 0.69. The carbon content did not
increase, when the C,H, flow rate increased and the C,H,/SiH, flow ratio reached
0.97. In the case of the powder synthesized from SiH,Cl,-C,H,, the carbon content
of the powder increased up to 36.4 wt% as the C,H, flow rate increased. Figure 2.11
shows the TEM photographs of the particles synthesized at a 3.66 kW/cm? from SiH,
and C,H,. When the C,H, flow rate was 10 st. cm®/min (A), a particle size from 10 to
120 nm was obtained and the SAED pattern showed Si and SiC rings. When the
C,H, flow rate increased to 20 st. cm?®/min (B), particle size ranged from 10 to 100
nm and the SAED pattern showed a SiC ring. When the C,H, flow rate was 30 st.
cm?/min (C), the particle size ranged from 10 to 80 nm and the SAED pattern again
showed a SiC ring. The same tendency was observed in the case of a laser power of
0.92 kW/cm?, but at a low C,H, flow rate larger particles, around 300 nm in size,
were observed at a laser power density of 0.92 kW/cm?®. These particles were
basically spherical. In the case of SiH,Cl,-C,H,, SiC particles having radial
projections were obtained, but such particles could not be observed in the case of
SiH,-C,H,.

Figure 2.12 shows the bright-field and dark—field (SiC,,,) images of the particles
synthesized from SiH, (32 st. cm*/min) and C,H, (22 st. cm’/min) at 0.92 kW/cm?
(sample no. 21). The dark field image was taken by adjusting object iris to the
diffraction of SiC (111) plane. The dark field image showed that the SiC particles
contained very small SiC crystals (1-15nm). The mean diameter of these SiC
crystals was almost equal to 4.4 nm, which was estimated from Scherrer's method by
measuring the half width of SiC, ,, diffraction line.

The powders were handled in air. The oxygen content of the powder synthesized

from SiH, and C,H, varied between from 0.5 to 2.4 wt%, and decreased as the carbon
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Fig. 2.11 TEM photographs of SiC particles synthesized from SiH,-C,H, at various

reactant gas flow rates. Beam diameter 2 mm; Laser power density 3.66 Fig. 2.12 Bright—field and dark—field (SiC, ;) images of SiC ultrafine particles.

kW/cm?; SiH, 32 standard cm?®/min; (A) C,H,; 10 (B) C,H,; 20 SiH, 32 standard cm’/min, C,H, 22 standard cm’/min,

(C) C,H,; 30 standard cm®/min laser power density 0.92 kW/cm?, beam diameter 4 mm.

2H 4




T SR P e o g A I AR P 25, L (e

content of the powder increased. The oxygen content was extremely small compared

to that of the powder from SiH,Cl, and C,H,.

2.4.2 The relationship between reaction flame temperature and the extent of
laser light absorption

The reaction flame temperature depended on the laser power density and on the
reactant gas flow rate and tended to become high as the power density and C,H, flow
rate increased. However, the behavior of the reaction flame temperature was different
from that of SiH,Cl,-C,H, system. Figure 2.13 shows the reaction flame temperature
dependence on the laser power density at a beam diameter of 2 mm. With a increase in
laser power density, the reaction flame temperature abruptly increased from just
below 1273 K to around 2000 K at a certain laser power density. It was speculated
that the temperature increase occurred near 1273 K, based on the temperature range of
the pyrometer between 1273 to 3073 K. Then, the reaction flame temperature slightly
increased in the case of SiH,=32, C,H,=10 st. cm?/min, but gradually increased in the
case of SiH, (32 st. cm”’/min)+ C,H, (20 and 30 st. cm?®/min), as the power density
increased. The critical laser power density, at which an abrupt temperature increase
occurred, depended on the total reactant gas flow rate, and became larger as the total
reactant gas flow rate increased.

Figure 2.14 shows the extent of laser light absorption by the reaction flame, when
the laser power density changed. The amount of laser light absorption increased
linearly until the laser power density reached a value of about 0.8 kW/cm®. In this
region, the reaction flame temperature was low (<1273K). Above 0.8 kW/cm?, the
absorption gradually increased and a saturation was observed at about 9 W in the case
of C,H, (10st. cm*/min), but in the case of C,H, (20 and 30 st. cm*/min) it remained almost
unchanged until 2 kW/cm?, then increased again with the increase of power more than

9 . . . .
2 kW/cm?. An abrupt increase in the reaction flame temperature occurred at which

re(K)

2500+

Reaction flame temperatu

[

=K

<= B
SiH.=325SCCM
b LA C2Ha
; \ o 10SCCM
il ® 205CCM
A 30SCCM
Rk A ::F

1 1 1

1 2 3 4
Laser power density (kW/cm?)

Fig. 2.13 Reaction flame temperature change versus laser power density:

Beam diameter 2 mm

SCCM = standard cm?®/min
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Fig. 2.14 The extent of the laser light absorption by reactant gases versus laser power
density: Beam diameter 2 mm
SiH, (32 standard cm®/min) + C,H, (10(@), 20(0), 30(a) standard cm’/min)
SiH,Cl, (20 standard cm*/min) + C,H, (10(m), 15()) standard cm?/min)

the increase rate of the laser absorption was reduced (around 1 kW/cm?). An abrupt
laser light absorption change corresponding to the abrupt increase of the reaction
flame temperature could not be observed. The rapid increase in the reaction flame
temperature was not caused by the change of the laser light absorption. The gradual
increase in the reaction flame temperature above 0.8 kW/cm? corresponded to the
gradual increase in laser light absorption. A hysteresis was not found, unlike the case
of SiH,CL,-C,H,.

When the laser power density was low, Si particles were mainly formed as the
result of the decomposition of SiH, and the amount of carbon was low as shown in
the case of sample no. 17 in Table 2.3. As the laser power density increased, the
decomposition of C,H, and carbonization of Si occurred. Because these reactions are
exothermic, the abrupt increase in the reaction flame temperature takes place
simultaneously with the initiation of the exothermic reactions. Assuming that SiH,
was decomposed into Si(s) and 2H,(g) at 1300 K by the absorbed laser energy, then
the reaction

Si(s) + 1/2C,H,(g) + 2H,(g) — B-SiC(s) + 3H,(g),
AH = -90.9 kJ/mol (1300K)

proceeds quantitatively, and if the reaction heat is used entirely to heat all the
products, the calculated reaction temperature is 1930 K in the case of SiH JC,H,=2:1.
(Heat capacities Cp(1300K) of 50.8 J/K mol for $-SiC(s) and 94.3 J/K mol for
3H,(g) were used) [20] The observed reaction flame temperatures immediately after
the abrupt increase were 1800, 2030, 1970 K for SiH, (32 st. cm’/min) and C,H, (10, 20,
30 st. cm?/min), respectively. The calculated value was considered to be almost equal to
the observed reaction flame temperature.

Sawano et al. [4] reported a similar abrupt increase in the reaction flame
temperature in the SiH,~CH, system. They observed the abrupt increase in the
reaction flame temperature, when they changed the total reactant gas flow rate at a

constant CH,/SiH, flow ratio of 1:1, at 9.6 x 10* Pa (0.95 atm), at a power density of
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4 kW/cm? They called that phenomenon '[gnition'. They thought that the reaction

proceeded through a two—stage mechanism and 'Ignition' was caused by the initiation

of the exothermic reaction Si(s) + C(s) = SiC(s). However, they did not report the

extent of laser light absorption.

2.5 Comparison of SiH,-C,H, with SinClz—CZH4

[n this section the behaviors of the reaction flame temperature in relation to the
laser light absorption were compared in the two systems. [n the case of the synthesis
of SiC powder from SiH,Cl,-C,H, by a CO, laser, the abrupt increase in reaction
flame temperature and the abrupt increase in the laser light absorption occurred
simultaneously at a certain laser power density. (Fig. 2.9, 2.10) In addition, a
hysteresis was found between the reaction flame temperature and the laser power
density and between the extent of laser light absorption and the laser power density.
In the case of the system SiH,CL-C,H,, it was concluded that the abrupt increase in
the reaction flame temperature was caused by both the initiation of the exothermic
reaction and the increase in the extent of laser light absorption. The increase in the
laser light absorption was caused by the solid carbon particles formed in the reaction
flame, because carbon is a good absorber of CO, laser light.

The behavior of the reaction flame temperature and the extent of the laser light
absorption in the system SiH,-C,H, was different from SiH,CL,-C,H,, even
though the exothermic reactions played an important role in both cases.

Thermodynamic calculation was made to consider the difference between
SiH,Cl,-C,H, and SiH,-C,H, by the chemical thermodynamic computation (CTC)
system [23]. CTC system has been designed to facilitate the application of chemical
thermodynamic considerations to practical problems in the material science and
constructed in Tsukuba Research Center of Agency of Industry and Science

Technology. Figures 2.15 and 2.16 show the equilibrium composition of the SiH,-

C2H4 and SiHZClz—CzH g reactions calculated at a C/Si ratio of 1:1. In the case of the
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Fig. 2.15 Equilibrium composition of the SiH,-C,H, rcaction calculated by CTC [23]:
SiH, 1.0 mol, C,H, 0.5 mol, 1 atm. Small amounts (<0.05 mol) of SiC(g) and

SiH(g) present above 2600K were ignored.
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Fig. 2.16 Equilibrium composition of the SiH,Cl,~C H, reaction calculated by CTC

[23]: SiH,Cl, 1.0 mol, C,H, 0.5 mol, 1 atm. Small amounts (<0.2 mol) of

Si(g), Cl(g), SiCl(g), C,H,(g), SiC(g) present above 2400K were ignored.

SiH,-C,H, system, only H,(g) and B—SiC(s) are present below 2000K. In contrast, in
the SiH,Cl,~C,H, reaction many species are present; especially, much C(s) is found
even though the C/Si ratio was stoichiometric (C/Si=1:1). This result suggested that
C(s) particles are formed easily in the SiH,Cl,-C,H, system and not easily in the
SiH,—C,H, system. In fact, in the case of the SiH,Cl,~C,H,, C was detected by XRD
in the powder synthesized with an excess of C,H, (Table 2.3, no. 28), but C was not
found by XRD in the powder synthesized with an excess of C,H, in the case of SiH,-
C,H,. (Table 2.3, no. 13) The difference in tendency to form C(s) particles was the
reason for the difference of the behavior of the reaction flame temperature and the
laser light absorption in the SiH,-C,H, and the SiH,Cl,-C,H, system. [t was
suggested that the hysteresis of the reaction flame temperature and the laser
absorption found in the SiH,CL,—C,H, system is connected with the formation of
solid carbon particles, because such hysteresis was not found in the SiH,-C,H,
system.

The major disadvantages of SiH,Cl, as a source for laser-induced gas—phase
reaction were poor absorption of the laser light (10.6 um) and poor reactivity
compared with SiH,. In the case of SiH,Cl,—~C,H,, high laser light absorption,
comparable with the SiH,-C,H, mixture was achieved due to the formation of solid
black carbon particle. (Fig. 2.14) The low laser light absorption of SiH,Cl, could

possibly be overcome by taking advantage of the formation of solid black carbon

particles.

2.6 Conclusion

(1)  SiC ultrafine particles were synthesized by a CO, laser at atmospheric pressure
from C,H, and SiH,Cl,. The composition of the powder changed with the
C,H,/SiH,Cl, ratio. The reaction flame temperature was low (<1273 K) at low
C,H,/SiH,Cl, ratio, and rapidly increased to around 3000 K when the C,H,/SiH,Cl,

exceeded 0.3. This rapid temperature increase was caused by initiation of exothermic
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reactions and the rise in laser light absorption caused mainly by the carbon particles

formation and partly due to SiC particles formation. It was found that SiH,Cl,

underwent a disproportionation reaction on CO, laser irradiation, and that SiC was
formed through the various products of the disproportionation reaction.

(2) SiC ultrafine particles were synthesized by irradiating the SiH,~-C.H, gas
mixture with a CO, laser at atmospheric pressure. An abrupt increase in the reaction
flame temperature was observed at a certain laser power density, as the laser power
density gradually increased. This was caused by the exothermic reactions of the
decomposition of C,H, and the carbonization of Si.

(3)  The behavior of the reaction flame temperature and the extent of laser light
absorption in the SiH,~C,H, system with increasing laser power density was different
from that in the SiH,Cl,-C,H, system. This difference resulted from the fact that
solid black carbon particles were easily formed in the case of SiH,CL,-C,H,, but not
as easily in the case of SiH,~C,H,. Because of the formation of black solid carbon

particles, high laser light absorption, comparable with that in the SiH,—C,H, system,

occurred in the SiH,Cl,—C,H, system.
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CHAPTER 3

Synthesis of Silicon Carbide-Silicon Nitride Composite Ultrafine Particles by

laser-induced gas—phase reaction

3.1. Introduction

In the case of laser—induced gas phase reactions, only the reaction gas is heated,
whereas the reaction vessel remains at room temperature. The reaction proceeds
uniformly within this restricted heat zone, and heating and cooling process can be
very fast. Moreover, because of the easy operation of the laser beam, the synthesis
conditions are easily controlled precisely and reproducibly. For all of these reasons,
the laser method is one of the best methods to obtain ultrafine particles of very pure
and uniform in composition and particle size. Ultrafine particles of Si [1,2], SiC [1-
6], Si,N, [1,2,7,8], Si/C/N [9,10], B,C [11], and Fe/Si/C [12] have been synthesized
by a laser—induced gas—phase reaction.

Composite ceramics having a "composite composition" may have better properties
than monolithic ceramics. Such ceramics composites have been attracting the
attention of many researchers. As it is thought that the particle size and the
composition and structure of starting powders have a great influence on the properties
of composite ceramics [13], it is necessary to synthesize fine particles having a
precisely controlled structure and composition.

There have been a few reports [9,10,14] on the preparation of SiC-Si;N,
composite fine particles by a laser—induced gas—phase reaction. Rice et al. [9,14]
synthesized amorphous Si/C/N fine particles from ((CH,),Si),NH and studied the
reaction kinetics. Cauchetier et al. [10] reported the synthesis of amorphous Si/C/N
fine particles from SiH,-~CH,NH, and SiH,-C,H,-NH,. They reported the IR
spectra of powders and the effect of heat treatment. But no precise investigation has

been reported regarding the structure of the composite particles. In this chapter, the
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synthesis conditions and the structure of SiC-Si,N, composite ultrafine particles were

studied. SiH,, C,H, and NH, were employed as the reactant gases. They absorb CO,
laser light and it was expected that the powder composition could be extensively
controlled by changing the gas flow ratio of three reactant gases. The structure and
morphology of the composite particles and chemical state of the element of the
composite particles have been investigated by X-ray diffraction (XRD), transmission
electron microscope (TEM), X-ray photoelectron Spectroscopy (XPS) and electron
energy loss spectroscopy (EELS).

The very unique SiC-Si;N, composite particles were derived by this laser—
induced gas—phase reaction method. While composite particles derived by other
method showed amorphous phase [10], or a mixture of SiC and Si,N, [22], these
composite particles in this research showed a broad p-Sic pattern in XRD, even
though they contained several wt% nitrogen. The results of structural analysis
showed that a large amount of nitrogen dissolved into B-SiC lattice, even though the
amount of dissolving nitrogen could not be quantified. It was said that nitrogen can
dissolve into p—SiC as an electron donor, but the amount of dissolved nitrogen was
usually too small to detect. These composite particles having unique structure has not

been reported yet and a quick heating and quenching process of laser—induced gas-

phase reaction make it possible to realize such a unique structure.

3.2. Experimental procedures

The CO, laser reactor has been described in chapter 2. After the reactor was
evacuated, argon gas was introduced into it. Then, the reactant gases were introduced
through a 1-mm-internal-diameter stainless steel pipe, and were irradiated at a right
angle with a CO, laser beam with a wavelength of 10.6 um. Composite ultrafine

particles were synthesized by irradiating a gas mixture of SiH,, C,H, and NH, with a

CO, laser at atmospheric pressure. The purity of reactant gases was 99.99% for SiH,,

99.5% for C,H,, and 99.9% for NH,. The laser beam having a diameter of 10 mm
was focused with a ZnSe lens to 2 and 4 mm at the reaction zone. The reaction flame
temperature was measured using a pyroscope having a measurable range from 1273 to
3073 K. The production rate of the composite powders was in the range of 1.5 to 4.8
g/h.

The powders were subsequently analyzed by X-ray diffraction (XRD) for the
crystalline phase, the one—point BET method for the surface area. The composition
of the powder was determined with an N, O analyzer (Horiba, EMGA-550) for the
oxygen and nitrogen content, and C analyzer (Horiba, EMIA-510) for the carbon
content. The lattice constants of f—SiC were measured from the f—SiC (311) line and
were corrected by highly pure Si (99.99%) that was mixed with the SiC-Si,N,
composite powder as an internal standard. The lattice constants of Si;N, were
measured from the a—Si,N, (411) and (004) lines for a-Si,N, and from the B-Si;N,
(212) and (002) lines for B-Si,N,. They were corrected by highly pure Si as an
external standard, since Si and Si,N, diffraction lines overlapped each other. The
particle morphology and structure was observed by transmission electron microscopy
(TEM, Hitachi, H800-NA) and selected area electron diffraction (SAED). The
samples for TEM were prepared using a dispersion method. A dilute dispersion of
the powder in reagent—grade ethanol was homogenized with an ultrasonic probe.
Then, a drop of dispersion was deposited on a 3-mm-diameter microgrid, followed
by drying at room temperature. The composition of the particles was analyzed by
electron energy loss spectroscopy (EELS). The chemical state of the elements was
measured by X-ray photoelectron spectroscopy (XPS, Kratos, XSAMS800). XPS
spectra were taken in the fixed analyzer transmission (FAT) mode and the pass

energy was 20.0 eV. The X-ray source was Al Ka irradiation. The full width at half

maximum (FWHM) of 1.1 eV was derived for Au4f7/2 peak under these conditions.

A charge shift was observed for all of the samples because of their low electric
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conductivity and was corrected by the Audf72 peak from the small quantity of gold

evaporated onto the sample surface. The binding energy of Audf7/2 (83.8eV) was

employed as the reference energy in XPS.

3.3. Results and Discussion

Table 3.1 shows the synthesis conditions and the composition, the specific surface
area, the crystalline state of the composite ultrafine particles, and the reaction flame
temperature. In the case of a 4-mm laser beam and a 0.4 kW/cm* power density, the
results of the composition analysis and XRD showed that the powder contained a
large amount of Si. The carbon content did not change significantly, even if the C,H,
flow rate increased. Apparently the laser power of 0.4 kW/cm? was not sufficient for
C and SiC formation.

Figure 3.1 shows the XRD patterns of the composite powders with their
compositions, using a 4-mm-diameter laser beam and a power density of 0.92
kW/cm?. The crystalline state of the powder which contained 25.3 wt% carbon and
5.8 wt% nitrogen was p-SiC [15]. As the carbon content of the powder decreased, Si
and amorphous phase appeared. At the same time SiC peaks slightly shifted toward
high 2-Theta positions. This shift showed the change in lattice constants, which is
discussed later. (Fig. 3.8) Furthermore, crystalline Si,N, [16] appeared when the
nitrogen content exceeded 19.5 wt%. The same tendency was observed at a laser
power of 3.66 kW/cm?.

The reaction flame temperature depended on the laser power density, the beam
diameter, and the reactant gas flow rate. At the same beam diameter and the reactant
gas flow rate, the reaction flame temperature was higher at 0.92 kW/cm? than at 0.40
kW/cm?. Even though the total laser power was the same, the reaction flame
temperature was higher at a 4-mm beam diameter and 0.92 kW/cm?* than at 2 mm and

3.66 kW/cm?. The residence time of the reactant in the laser beam was longer with
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Fig. 3.1 X-ray diffraction patterns of SiC-Si,N, composite ultrafine powders

synthesized using a CO, laser (Beam diameter, 4 mm); laser power density,

0.92 KW/cm?).

the 4—mm beam diameter, so the laser beam was absorbed more by the reactant or the

fine particles produced. The reaction flame temperature increased as the NH, flow
rate increased.

Figure 3.2 shows the change in the carbon and nitrogen content with the reactant
gas flow rate. At the power densities of 0.92 and 3.66 kW/cm?, a linear relationship
was observed between the carbon, nitrogen content and the carbon atomic ratio in the
gas mixture of C,H, and NH, (2[C,H,]/(2[C,H,]+[NH,])). The results show that the
composition of the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>