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Abstract 
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Low-temperature Vapor-phase  

Reaction Method 
 

Yong-Kwon Chung 
Department of Materials Science and Engineering 

The Graduate School 
Seoul National University 

 
Most silicon nitride powders, industrially used in various applications under 
extreme conditions, are produced by the diimide process. The synthesis of diimide 
is carried out in the range 50–0 °C using liquid-phase reactants with organic 
solvent. This process, however, consumes a considerable amount of energy. One 
promising method for the synthesis of silicon nitride powder is the vapor-phase 
reaction of SiCl4 with NH3, and this synthetic process is also energy efficient. In 
this study, the processing parameters of the vapor-phase reaction for the synthesis 
of silicon nitride were investigated for producing diimide. The vapor-
phase reaction completed at room temperature with a down-top flow, and solid 
products were obtained at the bottom of the reactor. Si(NH)2 decomposed at 
temperatures 150 °C according to the result of the thermogravimetric analysis, 
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limiting the reaction temperature. The reaction temperature increased with 
increasing flow rates of the reactants and decreased with increasing flow rate of the 
carrier gas. The reaction yield decreased with increasing flow rate of the carrier gas. 
Under the optimized reaction conditions, 87% yield was obtained. Amorphous 
silicon nitride powder prepared by low-temperature vapor-phase reaction was 
heated at various temperatures for different periods of time to examine the 
crystallization behavior. The effects of the heat-treatment temperature and duration 
on the degree of crystallization were investigated along with the effect of the heat-
up rate on the particle size, and the distribution of the crystallized α-phase silicon 
nitride powder. A phase transition from amorphous to α-phase occurred at 
temperatures 1,400 °C. The crystallization process was completed after heating at 
1,500 °C for 3 h or 1,550 °C for 1 h. The crystallization process starts at the surface 
of the amorphous particle, whereas the outer regions of the particle become 
crystalline and the inner part remains amorphous. The re-arrangement of the Si and 
N atoms on the surface of the amorphous particle leads to the formation of 
hexagonal crystals that are separated from the host amorphous particle. The particle 
size and size distribution were controlled by varying the heat-treatment profile 
(namely, the heat-treatment temperature, heating rate, and heating duration at the 
specified temperature) and can be used to control the relative extent of the 
nucleation and growth. The completion of most of the nucleation process by 
lowering the heat-up rate was used to achieve a singlet particle size distribution. A 
bimodal particle size distribution was achieved by fast heating during the 
crystallization process.  
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In this study, we developed a novel synthesis method for the preparation of Si3N4 
nanowires from the amorphous silicon nitride (a-Si3N4) powder synthesized by 
low-temperature vapor-phase reaction method. Highly crystallized α-Si3N4 
nanowires were synthesized by heating Si3N4 powder under ammonia atmosphere. 
The surface of the nanowires was smooth and clean without any attached particles. 
The thickness of the nanowires was in the range 200–300 nm with lengths of tens 
of micrometers. The nucleation of nanowires from the reaction between SiO and N2 
occurs on the surface of a-Si3N4 powder, covered by a thin layer of SiO2, and the 
nanowires grow from the re-arrangement of Si and N atoms of the a-Si3N4 powder. 
The reduction of SiO2 to SiO by ammonia was promoted by the presence of Ni 
catalyst, and thus the growth was observed at lower temperature when Ni was 
added to the a-Si3N4 powder. The growth of α-Si3N4 nanowires occurs along the 
[100] and [101] directions and follows Vapor–Solid–Solid mechanism. Silicon 
nitride is an alternative material widely used for silica crucibles for directional 
solidification of multi-Si ingots, and its main advantages is the reusability in 
successive castings and elimination for a source for oxygen contamination of the 
ingot. In this study, multi-Si ingot was cast in the synthesized Si3N4 coated-
crucibles and compared to the reference ingots cast in commercial crucibles. The 
quality assessment of the coating layer was investigated. The thickness of the 
coating layer was 257 μm with a uniformity of 27.15%. The inside crack and 
inclusion were not observed in the 25 bricks. The average MCLT and resistivity of 
the slugs were 3.9 μs and 4.4 Ω·s, respectively. The contents of O, C, and metal 
impurities were 4.4, 1.1, and 7.3 ppm, respectively. These results indicate that the 
performance of the synthesized Si3N4 coated-crucible was almost similar to the 
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commercial one. For application in the structural ceramics, pressureless sintering of 
the synthesized powder was carried out. Density and microstructure of the sintered 
body were measured, and the results were compared to the sintered body from Ube 
E10 powder. The pressureless sintering of the synthesized powder showed 99% 
sintering density at 1,650 °C, whereas Ube E10 powder showed 96% sintering 
density. The density of the synthesized powder was higher than that of Ube E10 
powder. The Si3N4 powder synthesized by low-temperature vapor-phase reaction 
would be a good candidate for coating and the structural ceramic materials. 
 
 
Keywords: silicon diimide, Si(NH)2, silicon nitride, Si3N4, vapor-phase reaction, 
imide decomposition, crystallization, nanowire, Si3N4 powder coating 
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Chapter 1. General Introduction 
  

1.1 Introduction 
Silicon nitride has attracted significant attention for the first time as a possible raw 
material for the technical synthesis of ammonia. A series of patents published in the 
period 1909–1918 have described the synthesis of ammonia by heating Si3N4 with 
solutions or dispersions of basic oxides, hydroxides, or salts, by the treatment with 
hot water vapor, or by heating in the presence of hydrogen. Because of the 
concurrent development of the Haber–Bosch process, these methods never gained 
any importance. It is not surprising, therefore, that this early interest in silicon 
nitride soon declined. However, silicon nitride saw a remarkable renaissance after 
the discovery, as it can be converted into a ceramic material. Silicon nitride 
ceramics significantly extend the limits of metallic materials under combined 
thermal and mechanical stress in corrosive environments. 
 

1.2 Silicon Nitride as Ceramic Material 
Silicon nitride is of great interest as a heavy-duty material for applications in 
chemical engineering, wear technology, metal networking, energy technology, and 
especially in engine and turbine construction.[12–24] This broad interest arises 
from a favorable combination of great hardness, wear resistance, chemical stability, 
low density, and high mechanical strength at temperatures up to 1300 C. The 
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application of Si3N4 ceramic parts in combustion engines and gas turbines promises 
significant advantages such as higher efficiency and better fuel use because of 
higher combustion temperatures, faster response of oscillating or rotating engine 
components (valves, pistons, turbocharger, and turbine rotors) due to low density, 
and longer service intervals due to a generally improved wear behavior. Silicon 
nitride ceramics are produced either by nitriding silicon powder compacts or by 
sintering Si3N4 powder compacts [25,26]. The first method produces a porous, 
reaction bonded silicon nitride (RBSN) material, reaction-bonded with almost 
negligible shrinkage; this material is used either directly or may be densified by a 
following sintering step, and the resulting material is named as sintered RBSN 
(SRBSN).[25–30] The second method, which is covered comprehensively in this 
article, leads to Si3N4 ceramics of superior quality. These are of special interest to 
advanced engine construction and advanced mechanical engineering. To 
demonstrate their technological benefits reliably, Si3N4 components require a 
perfect and economical control of the entire manufacturing process from the 
synthesis of the Si3N4 powder, processing, forming, and sintering to the precise 
finishing of the structural component. Non-uniformity of the starting powder, for 
example, even just a few extraneous particles, ill-defined particle clusters, or 
particle morphologies such as a mass of disordered, more or less agglomerated 
lumps, fibers, or nanowires, as well as extraneous particles or impurities dragged in 
through powder processing induce fracture-causing structural defects, which 
cannot be remediated in the following manufacturing steps, resulting in products of 
inferior quality and reliability. Because powder-inherent sources of defects can 
hardly be eliminated by subsequent ceramic processing, the powder producer has a 
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special responsibility to supply extremely well-defined and high-quality powders. 
To avoid environmental contamination such as dust particles, the transfer of 
powder processing, shaping, and sintering into clean rooms has been 
discussed.[31,32] Repeatedly, this measure has been described to improve the 
fracture strength and reliability.[33,34] Furthermore, defects also arise during 
shaping, sintering, and finishing. These nowise trivial problems have to be solved 
convincingly to allow an economical and large-scale production of silicon nitride 
components. Here, chemistry plays an important role, because powder synthesis 
and component manufacturing touch many problems of fundamental solid-state 
chemistry, surface chemistry, tribochemistry, and chemical engineering. 
 

1.3 The Structure of Silicon Nitride-origin of Hardness, 
Durability, and Strength.  
Crystalline silicon nitride exists in two hexagonal modifications, alpha and beta, 
which are built up from a three-dimensional network of Si3N4 tetrahedrons.[36,37] 
Rigid structure and strong covalent bonds provide extraordinary hardness, 
durability, and mechanical strength to this material. Fig. 2 shows the crystal 
structure of Si3N4, built from Si6N8 units along the crystallographic c-axis, and 
channels with a diameter of 0.15 nm play a certain role in the diffusion of atoms, 
even large ones. α-Si3N4 is built from a Si12N16 unit cell, [24] and because of the 
absence of channels this structure, diffusion is much more difficult than that in β-
Si3N4. Early work on the conditions leading to formation of either the α or β phase 
indicated that the α phase, assumed to be an oxygen-stabilized low-temperature 
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modification with a narrow range of existence, has the empirical formula Si11.4–

11.5N15O0.3 (actually no oxinitride phase).[36,40–42] However, the formation of the 
α phase required significantly less oxygen than presumed.[43] By chemical vapor 
deposition it was possible to produce α-Si3N4 single crystals extremely low in 
oxygen [39,44–47] Nowadays, α- and β-Si3N4 are regarded as polymorphic 
modifications; α-Si3N4 is the stable low-temperature modification, as the α-Si3N4 
content of a powder increases with decreasing synthesis temperature and α to β 
transformation occurs only at temperatures exceeding 1650 °C. Probably for 
kinetic reasons, α to β transformation has not yet been observed. The α/β ratio of 
commercially available powders is usually determined not only by X-ray [48, 49], 
but also IR [50–52] and 29Si MAS NMR spectroscopy.[53–55] 29Si MAS NMR 
spectroscopy is particularly useful as it can be used to distinguish and quantify not 
only the crystalline phases but also amorphous Si3N4. [54] This method is also 
suitable for the study of sintering phenomenon.[56,57] 

1.4 The Synthesis of Si3N4 Powders 
For the technical synthesis of high-quality Si3N4 powders, three following methods 
are important: nitridation of silicon powder [Eq. (a)], [58–61] carbothermal 
reduction of SiO2 in the presence of nitrogen [Eq. (b)] or ammonia,[62–66] and 
ammonolysis of reactive silicon compounds [Eqs. (c) and (d)]. [67–71] 
 
3Si + 2N2 → Si3N4 at 1100–1400 °C                                   (a) 
3SiO2 + 2N2 + 6C → Si3N4 + 6CO at 1450–1600 °C                      (b) 
3SiCl4 + 4NH3 → Si3N4 + 12HCl at 25–1400 °C                         (c) 
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3SiH4 + 4NH3 → Si3N4 + 12H2 at 600–1400 °C                          (d) 
In contrast to direct nitridation or carbothermal reduction, ammonolysis does not 
yield crystalline Si3N4 directly. The reaction initially leads to extremely moisture-
sensitive silicon diimide [Eq. (e)], which is then transformed to α-Si3N4 by 
pyrolysis via amorphous Si3N4 [Eqs. (f) and (g)] [67–69,72]. 
 
SiCl4 + 6NH3 → Si(NH)2 + 4NH4Cl at 25 °C                            (e) 
3Si(NH)2 → a-Si3N4 + 2NH3 at 900–1200 °C                            (f) 
a-Si3N4 → c-Si3N4 at 1300–1600oC                                    (g) 
 
Several other reactions [Eq. (h), [73–75] (i), [76] (j) [77,78]] have not gained 
importance for technological or economic reasons such as cost effectiveness, slow 
reaction kinetics, or the development of undesirable particle morphologies.  
 
3SiS2 + 4NH3 → Si3N4 + 6H2S                                       (h) 
3SiC + 4NH3 → Si3N4 + 3CH4                                       (i) 
3SiO2 + 4NH3 → Si3N4 + 6H2O                                      (j) 
 
Furthermore, there have been numerous attempts to synthesize Si3N4 by pyrolysis 
or carbothermical reduction from silazanes or siloxanes.[79] Because of the 
comparatively complicated and costly production and handling of silazanes, this 
method is less interesting for powder synthesis than for the manufacturing of Si3N4 
fibers or coatings. Polymeric silazanes of suitable structure may be processed by 
spinning to produce fibers or by melt or solution coating; subsequent pyrolysis 
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usually provides 60–80% ceramic yield. There is also some fundamental interest in 
the use of silazanes as binders or plasticizers for silicon nitride powder molding by 
dry pressing or injection molding, because pyrolysis leaves nothing but Si3N4. 
 
1.4.1 Required Powder Properties 
Si3N4 powder qualified for applications in advanced ceramics has to meet 
numerous demands regarding chemical and physical properties. Important criteria 
for powder quality include purity, crystallinity, particle shape, particle size 
distribution, degree of particle agglomeration, and α/β ratio, as well as 
technological properties such as good processing behavior in different powder 
shaping techniques and good sintering activity. To minimize shrinkage and avoid 
the development of density gradients during sintering, powder shaping has to aim 
at particle packing densities as high and as homogeneous as possible. This has been 
achieved by defined particle size distributions, spherical particle shapes, mean 
particle sizes 1 pm, and exclusion of coarse or hard agglomerated particles. These 
factors, together with defined C and O contents, exclusion of extraneous particles, 
and a high α/β ratio, are important characteristics of powders with good sintering 
behavior and favor the development of a homogeneous grain structure during 
sintering. The spectrum of all these properties affects the general sintering activity 
of a powder. Roughly, sintering activity increases with decreasing particle size. 
However, powder processing becomes increasingly difficult (dust generation, bad 
densification behavior in dry pressing, and high sintering shrinkage) as particle 
sizes decrease. Therefore, the search for universally applicable powders often 
requires a compromise between opposing demands. These circumstances, in turn, 
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offer possibilities for special “powder designs”, that is, tailor-made powders with 
special advantages in certain manufacturing processes. A free-flowing granulated 
Si3N4 powder, which will not crumble into dust particles but is easy to densify, is 
favorable for charging automated dry presses and may illustrate this point. Some 
powder properties such as the α/β ratio have to be adjusted during the Si3N4 
synthesis; others properties including particle size, particle size distribution, or C 
and O content, may be affected subsequently by suitable powder processing (e. g., 
milling, screening, or annealing). In order to minimize the efforts on powder 
processing, it is advantageous to adjust as many of the required properties as 
possible during the synthesis. The extent of the technological feasibility and 
economic of the approach depends on the synthetic method chosen. 
 
1.4.2 Si3N4 Synthesis by Direct Nitridation of Elemental Silicon 
Direct nitridation of elemental silicon, the process used more than 80 years ago to 
show the correct stoichiometry of silicon nitride to be Si3N4 [80], is still the 
dominant procedure for the industrial synthesis of silicon nitride powder. [45,46] 
The main processing steps are nitridation of silicon powder, milling, and finally 
purification of the crude product (Fig. 4). The selection of silicon powders of 
different purities strongly affects the impurity level of Si3N4. Besides commercially 
available, low-cost, metallurgical-grade silicon of different levels of purity, it is 
possible to use semiconductor grade silicon of extremely high purity as the starting 
material.[81] For the actual synthesis, piles of silicon powder are allowed to react 
with nitrogen either discontinuously in chamber furnaces or continuously in 
conveyor-type pusher furnaces according to Equation (a) (∆H = –750 kJ mol-1). 
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The reaction proceeds at a reasonable rate only at –1100 °C. Reaction rates 
strongly depend on the particle size and chemical purity of the silicon 
powder.[66,61,82,83] Especially traces of Fe catalyze the nitridation.[82,84] Owing 
to its strong exothermal characteristic, the reaction has to be controlled carefully. In 
general, low temperatures and the presence of hydrogen in the nitriding gas favor 
the formation of α-phase material.[60,61,85] Too high temperatures cause not only 
the formation of undesired β-Si3N4 but also strongly sintered agglomerates of Si3N4 
primary particles, which finally require a more intensive milling process. Careful 
control of the exothermic reaction is also necessary to avoid an uncontrolled 
temperature rise exceeding the melting point of silicon in the powder bed.[60,61,85] 
The evolution of heat can be reduced by lowering the concentration of nitrogen in 
the nitriding atmosphere after the onset of the reaction (“exothermal control”[86]). 
It may also be limited by a suitable, often empirically determined temperature 
control depending on nitridation kinetics, powder packing density, depth of powder 
bed, charge size, and type of furnace.[60,61,82] After synthesis, the sintered 
product is crushed and finally milled to the desired particle size. Depending on the 
powder processing, possible metallic impurities because of the milling wear are 
removed by subsequent acid leaching. A variation in the direct nitridation described 
here as self-propagating high-temperature (SHS) synthesis.[87–90] Here the 
reaction proceeds very fast (“thermite-like”) after local ignition under increased N2 
pressure.[91–95] Under these conditions, the reaction zone moves with a speed of 
up to 0.1 m s-1 through the powder bed with temperatures often exceeding 1700 °C. 
The product is a high β-phase material (β >95%), requiring the usual processing by 
milling and acid leaching.[95] So far the question whether high β-phase Si3N4 
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powder is suitable for manufacturing advanced silicon nitride ceramics has been 
answered positively only sporadically;[96,97] further investigation is required.[95] 
Other open questions in the further development of SHS synthesis, which may also 
be used for the production of other refractory compound, [87–90,94] concern the 
control of the α/β ratio and the development of cost efficient, large-scale 
production. Whether SHS synthesis will allow direct manufacturing of high-quality 
sintered components is another interesting issue. 
 
1.4.3 Si3N4 Synthesis by Carbothermal Reduction 
This method uses the reaction of SiO2 powder with carbon at temperatures of 
1500  °C in a N2 atmosphere, producing Si3N4 via a series of reactions [e.g., Eqs. 
(a), (I), and (m)]. The overall reaction is given by Eq. (b). 
 
SiO2 + C → SiO + CO                                               (l) 
SiO + C → Si + CO                                                (m) 
3Si + 2N2 → Si3N4                                                  (n) 
 
Because inexpensive and readily available silicate raw materials may be used, 
carbothermal reduction attracted early interest during the first attempts to 
synthesize Si3N4 as the starting material for industrial-scale ammonia synthesis.[5–
11,98] There was no concern about the chemical purity or particle morphology; 
reaction mixtures of quartz sand, silicates, carbon, and coke were even 
compounded with metal oxides to decrease the reaction temperature. Purification 
of the product from metallic impurities and nonreacted carbon was first achieved 
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by acid leaching and oxidative treatment.[11] Modern procedures ensure chemical 
purity by careful control of the purity levels of the starting materials. Besides high-
purity, synthetic materials from pyrolysis [62] or sol–gel reactions,[63, 99, 100] 
natural products such as quartz sand [98] and clay [101] may also be used, 
although at the expense of purity. Though stoichiometry requires a SiO2/C ratio by 
weight of just 1:0.4 for a complete reaction, a considerable excess of carbon is 
required in practice. Usually, the SiO2/C ratios of 1:2 to 1:10 have been 
employed.[62–66,102,103] Very good results yield extremely fine SiO2 and C 
powders from, for example, gas-phase pyrolysis.[62,103,104] An intensive 
homogenization of the powders is necessary to ensure that the reaction is 
homogeneous and proceeds to completion. A very good alternative is provided by 
the sol–gel type methods, in which the polycondensation of silicon halides with 
alcohols is prone to polymerization (e. g., furfural) yield easy-to-handle polymeric 
granules containing Si, O, and C in ultradisperse distribution. Thermal cracking 
yields an extremely homogeneous SiO2/C mixture, which undergoes ready 
carbothermal reduction.[105] Because carbothermal reduction may also proceed 
reversibly, CO formed in the course of the reaction has to be removed. In practice, 
the reaction is carried out either continuously in conveyor-type pusher furnaces or 
in chamber kilns, where the CO partial pressure is kept low by flowing N2. Though 
Si3N4 formation generally increases with increasing temperature, increasing 
amounts of SiC, depending on CO partial pressure, are formed at temperatures 
exceeding 1450  °C; the SiC is practically inseparable from the Si3N4 [65,99–106] 
(Fig. 5). Particle size and particle morphology may be controlled by adding either 
crystalline spheroidal Si3N4 particles or Si3N4 nanowires as nuclei to the reaction. 
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Since carbon acts also as a nucleation center for the Si3N4 formation, its particle 
size also affects Si3N4 powder characteristics. Very fine, high-surface carbon 
powders favor the formation of spheroidal Si3N4 particles; coarse, low-surface 
powders favor nanowire formation.[99,1021 After synthesis the reaction product is 
milled to adjust the desired particle size and the particle size distribution (Fig. 6). 
By tempering in the air, [66] NH3 or chlorine-containing atmospheres [107,108] in 
temperatures range 600–800 °C, excess carbon is removed. If required, 
incompletely reacted SiO2 may be removed by HF leaching. 
 
1.4.4 Ammonolysis of Reactive Silicon Compounds 
1.4.4.1 Si3N4 Synthesis by Liquid-Phase Reaction of SiCl4 and NH3 
The study on the liquid-phase reaction of SiCl4 and NH3 dates back to 1830, when 
Persoz [109] isolated a white precipitate, which he considered to be silicon 
tetraamide, Si(NH2)4. Subsequently, however, this precipitate was identified as 
silicon diimide, Si(NH)2. Though this reaction may be described in its most simple 
form by Eq. (e), further investigation showed a very complex process, leading to 
differently polymerized, extremely moisture-sensitive [Si(NH)2]x. [112] 
Subsequent high-temperature pyrolysis leads to stable, processable α-Si3N4 via 
several intermediates and amorphous Si3N4 accompanied by NH3 or N2/H2 
liberation.[67–69,112–117] The transformation of amorphous silicon nitride to 
crystalline α-Si3N4 proceeds at 1200 °C in a diffusion-controlled manner with an 
activation energy of 306 kJ mol-l.[118]  
It is remarkable that NH4Cl still present from the SiCl4/NH3 reaction [Eq. (e)] 
affects the Si(NH)2 pyrolysis.[115] In the absence of NH4CI, Si(NH)2 is stable up 
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to 200 °C; it gradually loses NH3 with increasing temperature, until finally 
amorphous Si3N4 is formed. However, thermal decomposition in the reaction of 
Si(NH)2 and HCl in the presence of NH4CI provides a compound of the 
composition Si2N3H2CI, which decomposes to amorphous silicon nitride at 
800 °C. The pyrolysis of Si(NH)2 at temperatures 1200 K leads to the formation 
of an extremely fine, moisture-sensitive, amorphous Si3N4 powder showing 
primary particle sizes of 10–30 nm and BET surfaces greater than 100 m2 per g. 
Prolonged heating in the temperature range 1200–1400 °C induces crystallization 
of α-Si3N4 accompanied by particle coarsening. At temperatures 1500 °C, mainly 
β-Si3N4 is formed. [69] Particle morphology, particle size, and α/β ratio are affected 
by temperature, retention time, and impurities.[119,120] Since SiCI4/NH3 liquid-
phase reaction allows the synthesis of a very pure and fine Si3N4 powder from 
easily purified and readily available starting materials, this method (often referred 
as the diimide process) has been developed on a pilot scale (Fig. 7). The SiCI4/NH3 
reaction is carried out in a two-phase system consisting of an organic solvent and 
liquid NH3 [72,116–117,121] or by reacting SiCl4 vapor with excess liquid NH3 
[122] thus dissolving the by-product NH4CI. The Si(NH)2 precipitate is filtered and 
washed with liquid ammonia to remove residual NH4Cl and finally calcined and 
crystallized to afford α-Si3N4. In contrast to thermal NH4Cl separation by 
sublimation, in this procedure no corrosive NH3/HCl vapors are generated, thus 
offering a technological advantage. However, upscaling has to take into 
consideration the large amount of NH4Cl by-product, generated according to Eq. 
(o). An economically favorable and ecologically safe application or disposal has 
yet to be found for NH4Cl by-product. 
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3SiCl4 + 16NH3 → SI3N4 + 12NH4Cl                                  (o) 
 
1.4.4.2 Si3N4 Synthesis by Gas-Phase Reactions of SiCl4 or SiH4 with NH3 
Owing mainly to homogeneous nuclei formation, gas-phase reactions have a great 
potential for the production of extremely tine powders.[123] After the formation 
and growth of nuclei in the reaction zone, particles cluster to aggregates and 
agglomerates, which may be separated as fine dust (Fig. 8). For economical and 
technical reasons gas-phase reactions of SiCl4 or SiH4 with NH3 are of special 
interest. From a technological point of view, the use of inexpensive SiCl4 requires 
the separation of the corrosive NH4Cl by-product through either hot gas filtration, 
extraction, or sublimation. Because of spontaneous ignition of SiH4 in contact with 
air, however, the use of expensive SiH4 requires extensive safety precautions. A 
technological advantage is the formation of hydrogen as gaseous by-product, which 
is easily separated. If SiCl4 is used, reaction parameters may be adjusted to 
approach the stoichiometry of the reaction [Eq. (p)], thus keeping the amount of 
solid NH4Cl by-product low compared to the corresponding liquid-phase reaction.  
 
SiCl4 + 2NH3 → Si(NH)2 + 4HCl                                      (p) 
 
Instead of using expensive pressure vessels, gas-phase reactions are run at 
atmospheric pressure in heated tube reactors (Fig. 9). Similar to industrial-scale 
synthesis of SiO2 and TiO2 powders, these reactions represent a good technological 
basis for a continuous and large-scale production of fine powders. As liquid-phase 
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reactions, SiH4/SiCl4-NH3 gas-phase reactions also yield amorphous Si3N4 
precursors, because of the short retention times of gas and particle streams in the 
hot reaction zone. These amorphous precursors have to be crystallized separately in 
a subsequent step. The reaction of SiH4 and NH3 in the temperature range 500–
900 °C yielded amorphous powders with particle sizes in the range 30–200 nm and 
BET surfaces up to 26 m2 g-1. [70,71] Our investigations on SiCl4/NH3 gas-phase 
reactions in the temperature range 300–1700 °C showed the formation of extremely 
fine, spheroidal, and amorphous particles with BET surfaces up to 300 m2g-

1.[124,125] Crystallization of these precursors induces particle coarsening, thus the 
BET surface may be adjusted in the range 2–20 m2g-1.[70,125] Strict control of 
impurities, temperature, and retention time is important for the generation of very 
fine, uniform, and high α-phase Si3N4 particles by the crystallization of amorphous 
Si3N4 (Fig. 10). The powders from SiCl4/NH3 gas-phase reactions require 
significantly less processing (Fig. 11) than the products from direct nitridation or 
carbothermal reduction, because of their inherent fine particle size and weak 
agglomeration. They are characterized by high chemical purity, good 
manufacturing properties, and high sintering activity.   
 
1.4.5 Si3N4 Synthesis by Laser-Induced and Plasma chemical Reactions 
The study on laser-induced [126–129] and plasma chemical reactions [130–134] as 
alternatives to "usual" thermal gas-phase reactions tries to avoid any heterogeneous 
nuclei formation, because of the contact of the reacting gases with hot reactor walls, 
guarantying an extremely high degree of particle fineness and uniformity. 
Characteristic properties of both the processes, which are based on chemical 
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reactions already described above, are extremely fast heating and cooling rates of 
105 to 106 K s-1 and fast reaction rates of an order of 10-3 s. Figs. 12 and 13 show 
the experimental setups for laser-induced and plasma chemical Si3N4 synthesis 
from the reactions of SiH4 or SiCl4 with NH3. Particle size, crystallinity, α/β ratio, 
and stoichiometric composition of the reaction product are affected by mass flow, 
pressure, stoichiometric ratio of reactants, and laser or plasma generator power 
output. A major problem of laser-induced synthesis is the small reaction diameter 
of the laser beam, allowing only product formation rates of the order of just a few 
grams per hour. Because of the extreme temperatures of several thousand K in 
plasma chemical reactions, the reactants are broken apart to different radicals, 
which may recombine in various ways in the temperature gradients of the reaction 
zone. Since fluid dynamics is also very important, precisely controlling the reaction 
is very difficult. Both laser-induced and plasma chemical synthesis allow the 
generation of extremely fine powders with particle sizes in the range 10–30 nm and 
BET surfaces 100 m2 g-1. However, the products often showing incorrect 
stoichiometric composition are amorphous or possess changing, not exactly 
reproducible α/β ratios. Furthermore, they may contain free silicon as an undesired 
by-product from the decomposition reactions. Because of these difficulties, laser-
induced and plasma chemical reactions are not yet of importance to large-scale 
synthesis of Si3N4 powders, despite intense research. 
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1.5 Silicon Nitride Nanowires 
After the discovery of crystal nanowires with unusual mechanical strength, [135] 
interest in the properties, production, and applications of ceramic nanowires have 
grown.[136,137] The use of nanowires to reinforce metallic or ceramic materials 
aims at improving fracture toughness or, more generally, mechanical properties of 
the matrix material. In spite of the strong general interest in ceramic nanowires, 
there are still problems in producing pure and uniform nanowires on a large scale 
in an economical way. The development of nanowire production and processing 
methods especially has to take into account health precautions to exclude a 
potential hazard arising from asbestos fibers.[138,139] Chemically, the same 
methods as in the synthesis of spheroidal Si3N4 powder particles are used for the 
production of Si3N4 nanowires. However, additional measures are required to apply 
general techniques such as vapor-phase transport or crystallization by vapor–
liquid–solid (VLS) mechanisms to favor nanowire formation. 
 
1.5.1 Nanowires from the Reaction of Si and N2  
In direct nitridation of elemental silicon, Si3N4 nanowires are formed by the 
reaction of silicon vapor and N2. Fig. 14 shows a simple experimental setup for this 
production method. Silicon is evaporated from a crucible at the bottom; a stream of 
inert carrier gas is used to guide the Si vapor into a reaction zone in the upper part 
of the apparatus, where it reacts with N2 or NH3. The Si3N4 nanowires precipitate 
onto graphite baffles from where they may be collected. 
 
1.5.2 Nanowires from Carbothermal Reduction of SiO2 
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This process, which may be run continuously in conveyor-type pusher furnaces, 
yields nanowires from the gas-phase reaction of SiO and N2 or NH3 in CO-
containing atmosphere.[141–143] By adjusting the stoichiometry, the particle size, 
homogeneity, and packing density of the reaction mixture of silica and carbon raw 
materials, addition of silicon or metal oxides, and control of the reaction 
temperature, the amount of SiO generation, and consequently Si3N4 nanowire 
formation is optimized. Nanowire formation is also favored if Si3N4 nanowires are 
added to the reaction mixture as the growth nuclei.[143] 
 
1.5.3 Nanowires from the Reaction of SiCl4 with NH3 
As described above, the reaction of SiCl4 with NH3 leads to Si(NH)2, which further 
yields amorphous Si3N4 on calcination. If small amounts of Fe or SiO2 are added to 
this material and the resulting mixture is heated to 1200–1500 °C in the absence of 
oxygen, Si3N4 nanowires are formed by the VLS mechanism from Fe- or silicate-
containing eutectic melt droplets [72,143] (Fig. 15). 
  
1.5.4 Nanowires from the Reaction of SiS2 with NH3 
Originally intended to produce high-purity Si3N4 powder, the reaction of SiS2 with 
NH2 offers a good way to produce the reaction of Si powder with H2S at high 
temperature [Eq. (q)].  
 
Si + 2H2S → SiS2 + 2H2 at 900 °C                                    (q) 
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The high vapor pressure of SiS2, which forms because of the dissociation of SiS2, 
leads to SiS2 nanowire growth by the VLS mechanism from the eutectic droplets of 
SiS and sulfur vapor. The reaction of SiS2 with NH3 affords a (Si–S–N–H)x 
polymer, which thermally decomposes under NH3 to yield amorphous silicon 
nitride. The amorphous silicon nitride is obtained in "spaghetti-like'' morphology 
(Fig. 16) and may be crystallized to α-Si3N4 with the retention of morphology.   
 
1.5.5 Nanowires from the Reaction of SiC and NH3 
The reaction of SiC with NH3 is remarkable, as it leads to Si3N4 particles of 
unusual morphology. By heating a mixture of SiC and Fe powder in NH3 to 
1440 °C followed by a short-term temperature rise to 1480 °C, Glemser and Horn 
[176] obtained spiral-shaped -Si3N4 nanowires (Fig. 17, left). Some of these 
spirals could be observed with the naked eye. Recently, similar observations have 
been made in the investigation of vapor-phase deposition of Si3N4 from Si2CI6, 
NH3, and H2 at 1200 °C onto a graphite substrate coated with Fe-containing 
compounds.[144,145] The spiral-shaped nanowires (Fig. 17, right) are 0.5–1.0 pm 
thick and consist of α-phase Si3N4 slightly contaminated by carbon and oxygen. 
They show a quite uniform morphology with a regular pitch, spiral diameter, and 
length in the range 3–5 pm, 5–10 pm, and of 50–100 μm, respectively. Obviously, 
spirals are formed only in a narrow fiber-diameter range of 0.1–5 μm. 
 
1.5.6 Properties of Si3N4 Nanowires 
The principal problems in nanowire production are the requirements of high 
chemical purity and uniform nanowire morphology. Because of technological 
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difficulties in producing a homogeneous distribution of Si3N4 nanowires in a matrix 
material, fracture-causing structural defects are often induced during material 
processing; in these cases, the originally intended toughening of the matrix actually 
turns out week.[146,147] Fundamental problems in nanowire processing are often 
connected with shaping and sintering, because the heaps of needle like particles are 
much more difficult to compact by dry pressing than the heaps of spheroidal 
particles. 
 

1.6 Remarks on the Procedures for Synthesis of Si3N4 Powders 
A comparison of chemical and physical characteristics of powders from 
commercially used synthetic methods shows that direct nitridation, carbothermal 
reduction, and ammonolysis of reactive silicon compounds are principally able to 
furnish very fine, high-purity Si3N4 powders for advanced applications. Often 
variations in the particle sizes, particle size distribution, and particle surface 
properties, which are important to ceramic processing, may be carried out after 
Si3N4 synthesis by suitable powder processing. Direct nitridation and carbothermal 
reduction use inexpensive raw materials and directly yield crystalline Si3N4. 
However, the reaction products require extensive subsequent processing. In 
contrast, ammonolysis of reactive silicon compounds yields moisture-sensitive 
products, which require further thermal treatment for crystallization to yield α-
Si3N4. Because of their inherent fine particle size and only weak particle 
agglomeration, the extent of subsequent powder processing is considerably reduced 
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compared to direct nitridation and carbothermal reduction. Direct nitridation and 
SiCl4/NH3 gas-phase reactions seem to offer the best chances to furnish 
economically high-quality powders for the manufacturing of broadly applicable 
silicon nitride ceramics. The production of Si3N4 nanowires is not yet commercially 
important, as Si3N4 nanowire-reinforced materials have not found broad 
applications because of high costs and a lack of large-scale production methods for 
reliable components. For technological and economic reasons, especially 
carbothermal reduction and nanowire growth from amorphous Si3N4 should be 
suited best to meet an eventually increasing demand. 
 

1.7 The Manufacture of Sintered Si3N4 Ceramics 
1.7.1 Fundamentals of Sintering and Structural Development 
1.7.1.1 Physical and Chemical Aspects of Si3N4 Sintering 
“Dry” sintering techniques used in the densification of oxide ceramics cannot be 
applied to the sintering of Si3N4 powder compacts. Strong covalent Si–N bonds 
hinder useful mass transport through grain-boundary or lattice diffusion. The 
activation of diffusion by simply raising the sintering temperature is limited by 
ever-increasing thermal decomposition. Since a N2 partial pressure of 1 bar is 
reached at 1900 °C, several precautions have to be taken to prevent excessive 
decomposition during the sintering of Si3N4 at high temperatures. Most important 
is the addition of compounds that form molten silicate phases and allow 
densification by liquid-phase sintering mechanisms. Well-suited additives include 
alkaline-earth oxides and rare-earth oxides either alone or in combination with 
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Al2O3 or AlN.[148–152] Above 1300 °C sintering additives react with SiO2 or 
Si2N2O always present in Si3N4 powders to yield molten silicate phases. In the case 
of sufficient wetting and solubility of Si3N4, these silicate melts allow densification 
by capillary-force-induced particle rearrangements and dissolution/reprecipitation 
processes. The efficiency of these mechanisms is illustrated by a model experiment 
using a pre-synthesized, nitrogen-saturated Mg-Al silicate glass as the sintering 
additive. At 1300 °C, the dilatometric monitoring of the process showed 
densification by capillary-force-induced particle rearrangement, because nitrogen 
saturation of the silicate glass does not allow further dissolution of N2 or Si3N4. 
With increasing temperature, Si3N4 solubility increases and densification via 
dissolution/reprecipitation is observed. A Si3N4 sample without sintering additives 
shows a completely unsatisfactory densification. Another important precaution is 
sintering under high N2 pressure to suppress decomposition.  
 
1.7.1.2 Structural Development 
After particle rearrangement at low temperatures, which increases the packing 
density almost without affecting the particle shape and particle size distribution, 
true sintering by dissolution/reprecipitation occurs at higher temperatures. At 
present, structural development is thought to depend on the type of Si3N4 starting 
powder. Starting from α-Si3N4, reprecipitation of dissolved α-Si3N4 from almost 
saturated or slightly oversaturated solutions leads to crystallization of needle or rod 
like β-Si3N4 grains far from the energetic minimum.[154] Because a fine-grained, 
needle like structure has a positive effect on the fracture-mechanical properties for 
numerous applications, this grain morphology is desired.[155,156] If β-Si3N4 
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powder is used, dissolution/reprecipitation occurs almost in equilibrium. The 
surface energy difference between small and large particles causes a continuous 
dissolution of small particles and their reprecipitation on large grains. This process 
allows grain growth with the minimization of boundary surface energy leading to 
the development of approximately globular particles. Prolonged thermal treatment, 
far beyond the moment when densification is complete, favors the grain growth by 
minimization of boundary energy (“Ostwald ripening”) also in needle-grained 
structures and leads to grain coarsening with growth of spheroidal grains. In this 
case, structural development leads to the formation of globular grains, no matter 
whether α- or β-Si3N4 is used as the starting material. A study on the structural 
development on prolonged heat treatment of α-phase Si3N4 is shown in Fig. 18. 
After sintering, all these materials contain an amorphous or semicrystalline 
secondary phase in between the grain boundaries or in grain triple points. Because 
material properties at high temperatures are significantly affected by the secondary 
phase, the reduction, modification, or complete elimination of this phenomenon is 
of major importance for the optimization of Si3N4 ceramic properties. 
 
1.7.1.3 Influence of Sintering Additives 
The amount and chemistry of the molten silicate phase, which is formed by 
sintering additives, are of importance to the course of sintering, as they determine 
sintering kinetics. For example, the kinetics of MgO-doped systems is governed by 
dissolution, whereas the rate of diffusion is crucial in Y2O3-doped Si3N4. The effect 
of typical additives on the sintering behavior is shown in Fig. 19. For instance, the 
densification of Y2O3-doped Si3N4, which sinters at relatively high temperatures, 
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may proceed at a low temperature level of (MgO + Al2O3)-doped materials if Al2O3 
is added. Different additive systems may form compounds of the type α‘-
Me(Si,Al)3(N,O)4 or β’-Si6-xAlxOxN8-x, with newly precipitated Si3N4 
grains.[162,163] The expectation that Si3N4 ceramics free of secondary grain-
boundary phases can be produced by using this principle has only been fulfilled for 
Be-doped Si3N4.[149,160] The amount and type of additives also affect the 
structural development and thus material properties. Fine-grained Si3N4 structures 
are favored in the systems where the molten silicate phase shows a relatively high 
viscosity at sintering temperatures (e. g., systems doped with rare-earth oxides). 
The effect of additives is especially clear in the structural development of β-
SiAlON materials, where globular grains are favored.  
 
1.7.1.4 Influence of Powder Characteristics 
Besides the type and amount of additives, the sintering behavior, structural 
development, and finally the material properties strongly depend on the powder 
characteristics of the starting Si3N4 powder. Of further importance are the powder 
properties resulting from processing prior to shaping and sintering; in particular, 
breaking up particle agglomerates is necessary to produce a homogeneous 
distribution of sintering additives. Relevant powder properties can be divided based 
on physical, chemical, and technical characteristics, which together determine the 
processing behavior and sintering activity in a complex way. The effect of α/β-
Si3N4 ratio has already been mentioned and is still a subject of intensive 
discussion.[54,124,155,164,165] A high α-phase content enhances the sintering 
activity and favors the development of rod like β-Si3N4 grains. With respect to 
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sintering activity, amorphous Si3N4 would be of even greater advantage. However, 
its large-scale use is complicated owing to its sensitivity towards hydrolysis and its 
low powder-packing density, resulting in enormous shrinkage during sintering. 
Among chemical powder characteristics, the oxygen content is of special 
importance, as it affects the softening behavior and the amount and viscosity of the 
silicate phase formed in the reaction with sintering additives. Although a great 
amount of low-viscosity silicate melt phase enhances sintering, it has a negative 
effect on the high-temperature properties of the material if the silicate phase 
remains as an amorphous, glassy grain-boundary phase. Thus, the oxygen content 
has to be adjusted based on the amount of sintering additives required (or vice 
versa); it is a compromise between the beneficial effects on the sintering behavior 
and detrimental effects on high-temperature material properties. Usually, 
commercially available powders possess an oxygen content in the range of 1–2%. 
Moreover, the distribution of oxygen in the particle itself is of importance. If 
oxygen is concentrated on the particle surfaces, it is directly available for silicate 
phase formation by reaction with sintering additives. In this way, surface oxygen 
considerably improves sintering activity.[166,167] Therefore, high-quality Si3N4 
powders usually possess oxygen-enriched particle surfaces, thus allowing fine-
tuning of the amount of sintering additives required for complete densification and 
thereby improve the material properties. Free carbon has a negative effect on the 
sintering behavior, because it reduces the oxygen content of the powder with the 
formation of volatile SiO and CO. The resulting ill-defined variations in the silicate 
phase chemistry may cause incomplete sintering and undesired structural 
development, leading to poor material properties.[153,169] Chemically bonded 
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carbon in the form of SiC is much less critical. Because of its inherent stability, this 
material may be considered as an inert filler.[108,147] The effects of other 
impurities have to be judged by their behavior in sintering; they may dissolve in the 
liquid phase with incorporation in the silicate structure, or they may remain as 
particle inclusions with or without the reaction with the Si3N4 matrix. Metal oxides 
and metal halides either evaporate during sintering or dissolve in the liquid phase, 
lowering its viscosity with the already discussed effects on the sintering behavior, 
structural development, and material properties. Metal particles such as Fe, Mn, 
and Ti react with the Si3N4 matrix to form silicides or nitrides.[170] Compared to 
the original particle sizes, inhomogeneities because of chemical reactions are larger 
[170] and thus generally detrimental to the mechanical properties such as fracture 
strength (Fig. 20). Granulometric powder properties, which involve particle size 
distribution, particle morphology, and particle agglomeration, affect the processing 
behavior and the extent of powder processing required to produce an admixture of 
high sintering activity. Since sintering activity increases with increasing surface 
energy, “sub-μm” powders with a high content of particles 1 μm are advantageous. 
The amount of “coarse grains” attracts special attention, because these particles 
will dissolve comparatively slowly in the silicate phase. Therefore, sintering slows 
down, and some particles may survive more or less unchanged to form structural 
inhomogeneities. Nanowire- or fiber like Si3N4 particles cause similar effects, 
making powder shaping more difficult. “Coarse grains” 1 μm, as well as deviant 
particle morphologies, usually are not destroyed during powder processing to 
generate the sintering admixture. Powder processing has to guarantee that 
agglomerates of primary crystallites, which are principally present, are broken 
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apart, because their size and the lack of sintering additives in their cores would 
induce very large defects and thus limit the strength and reliability of the sintered 
component. Furthermore, the size and hardness of these agglomerates determine 
the dispersibility and homogeneity of the sintering admixture; these properties are 
very important quality criteria. A qualitative and quantitative description of 
agglomeration mechanisms and agglomerate properties is steadily gaining 
importance as a goal of research.[172] The shape-sharp-edged to 
spheroidal/globular-and the size distribution of primary crystallites also determine 
the limits of densification and the extent of sintering shrinkage. Green densities (i. 
e., the densities of the powder-shaped bodies prior to sintering) must be as high as 
possible to reduce the danger of critical tensions due to high shrinkage; these 
tensions would otherwise form cracks and fissures during the temperature 
treatment. Physical, chemical, and technological powder properties have a complex 
effect on the sintering behavior, structural development, and final material 
properties. The relative effect of a single powder property may be estimated by the 
means of statistical calculations.[167,171] 
 
1.7.2 Powder shaping 
Axial or isostatic dry pressing, extrusion, slip casting, or injection molding are used 
for powder shaping (Fig. 21). These procedures are well known in the ceramic 
industry. Selection criteria depend on the component complexity, economics, and,  
feasibility of large-scale production. Dry pressing is used mainly for the production 
of components with simple geometry such as plates, tubes, or cylinders. Slip 
casting and injection molding are favored to produce net-shape components of 
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complex geometry on a large scale. All shaping techniques require certain, usually 
organic, processing additives. Binders ensure the stability of powder compacts in 
dry pressing, and dispersion agents produce highly particle-loaded, stable slips for 
slip casting, and plasticizers allowing injection molding. Because especially 
injection molding promises an economical, large-scale production of complex 
components, its development has attracted worldwide attention.[176–178] All 
organic additives have to be burned out quickly and quantitatively prior to sintering 
without inducing defects such as pores, cracks, or fissures. Because of high amount 
of plasticizers, usually ∼10–25 wt%, this step is especially critical in injection 
molding. Although shaping is finished in a few seconds, plasticizer burnout 
requires several hours to several days depending on the component thickness and 
type of plasticizer. To improve this situation, the development of new organic 
plasticizer systems, which may be decomposed either chemically or thermally after 
powder shaping, is of fundamental importance. 
 
1.7.3 Sintering 
The sintering techniques used for the manufacturing of Si3N4 ceramics are 
compiled in Fig. 22 together with the process characteristics. Axial hot pressing in 
graphite matrices is used almost only for the components of relatively simple 
geometry such as rods, plates, or cylinders. Hot isostatic pressing (HIP), however, 
allows sintering of complex component.[179] Powder compacts are sealed gas-
tight in metals or glasses of high melting point; plastic deformation of the softening 
material of the capsule results in uniform application of the external gas pressure 
on the powder compact. Densification occurs with very precise retention of shape. 
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After complete sintering, the capsule is removed mechanically (sandblasting) or 
chemically (etching). Thus, this so called capsule-hipping is an expensive and slow 
procedure not suited for low-cost mass production of ceramic components. Usually, 
it is applied for the production of components, which are used under extreme 
conditions and would otherwise require an even greater effort for production.[180] 
However, "hipping" allows the manufacturing of Si3N4 sintered materials with very 
good high-temperature properties owing to only very small amount-or even 
absence-of an amorphous grain-boundary phase.[181,182] These developments, to 
date on laboratory scale, may gain importance for the manufacturing of Si3N4 
components, showing long-term mechanical strength at high temperatures. Cost-
efficient mass production of near-finished Si3N4 components is possible by N2 gas-
pressure sintering, which was developed during the seventies and is meanwhile 
industrially employed.[149] In this process, a powder compact is heated to 
sintering temperature in a powder bed consisting of Si3N4 and BN. The course of 
temperature and pressure has to be adjusted based on the furnace geometry, 
sintering additives, and powder compact geometry. Sintering under normal 
pressure limits the maximum temperature to ∼1820  °C owing to the 
decomposition of Si3N4. However, sintering at increased N2 pressure allows a 
further temperature increase and results in a pressure-assisted densification, which 
is effective only if the stage of closed porosity, 93% of theoretical density, was 
reached by normal pressure sintering. This method shortens the overall time 
required for complete densification and has a limited ability to increase the strength 
and reliability of Si3N4-sintered components because of some defect healing.  
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1.8 Physical and Chemical Properties 
1.8.1 Physical Properties 
The scattering range of the data is mainly due to structural differences, which are 
affected by starting powder characteristics, amount and type of sintering additives, 
powder shaping, and sintering techniques as well as temperature, pressure, and 
soaking time during sintering. Fracture strength is surely the characteristic property 
determined most often; usually it is considered as a key criterion of quality. Some 
years ago, a significant dependence of material properties on the method of 
producing the starting powder was observed.[187] However, these differences 
almost vanished as a result of constant efforts to improve Si3N4 powder quality and 
production methods. The effect of sintering techniques on the material properties is 
reflected in the so-called Weibull modulus (a statistical parameter to characterize 
the property distribution over a manifold of samples) used to characterize the 
scattering of fracture strength and thus the reliability of the material. The (limited) 
ability of a particular sintering process to anneal defects such as pores, bubbles, 
internal cracks, and fissures is thereby quantified to a certain extent. The following 
values are typical for the Weibull modull of commercial materials: pressureless 
sintered Si3N4 > 10; gas-pressure-sintered Si3N4 (GP-SSN) > 15; isostatically hot-
pressed Si3N4 (HIP-SSN), > 20. A general comparison of the fracture strength is 
difficult, because materials for specialized applications have been developed. Here, 
the main criteria of quality not only include the fracture strength, but also the 
strength level at temperatures >1000 °C, fracture toughness, and hardness or wear 
resistance. Today, the state of the art is a strength level in the range 800–1000 MPa 
at room temperature; however, materials with the fracture strengths exceeding 1000 
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MPa have been developed. By controlled structural development (in situ nanowire 
reinforcement), it is possible to increase the fracture toughness of Si3N4 materials 
from a level of ∼7 MPa m1/2 to almost 10 MPa m1/2.[190] A conventional material 
is compared to an “in situ nanowire reinforced” material. The toughness level 
attained here could formerly be achieved only by reinforcement with extraneous 
particles (such as nanowires or platelets).[192,193] At temperatures exceeding 
1000 °C, a decrease in the strength of many materials is caused by slowly softening 
amorphous grain-boundary glass phases. The amount and type of these phases 
determine creep and long-time fracture strength. All the modifications of materials 
or technological processes to inscribe prove the dependence of the fracture strength 
on temperature and to improve the strength level at high temperatures aiming at 
reducing the amounts of amorphous grain-boundary glass phases or at generating 
higher refractory, crystallized grain boundary phases together with the optimization 
of structure. Recently, a successful realization of these concepts has been 
reported.[189] An evaluation of a commercially available MgO-doped material is 
given in Fig. 23.[194] Here, the failure probability resulting from the Weibull 
analysis is in the range of linear elastic stress up to 900 °C, and probable reasons 
for positive or negative deviations caused by defect annealing or defect induction is 
shown. Fig. 23 also shows the life expectancy of the material below short-time 
fracture load. To avoid premature failure at a given temperature, the material 
should bear only considerably lower mechanical stresses than short time fracture 
strengths would indicate. 
 
1.8.2 Chemical Properties 
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Owing to the broad possible applications of sintered Si3N4, its chemical properties 
have been investigated with special regard to corrosive behavior.[195–198] Silicon 
nitride is inert to numerous molten metals (e. g., Al, Zn, Sn, Pb, Cu, Ag, and Cd); 
however, in contact with molten transition metals such as Fe, Co, Ni, V, and Cr, it 
reacts readily to form metal silicides and N2. In contract with molten salts, oxidic 
slags, and glasses, only slow corrosion occurs. With the exception of hydrofluoric 
acid, Si3N4 ceramics are resistant to mineral acids. Mainly porous Si3N4 materials 
are attacked by hot strong caustic solutions or melts with the formation of NH3. For 
the applications in engine components made of Si3N4 (e. g., valves, turbocharger, 
gas turbines), the oxidation behavior of sintered Si3N4 is especially important. 
Because Si3N4 is coated with a thin protective layer of SiO2 on heating in air, a 
good oxidation resistance is shown up to 1400 °C. In high-temperature oxidation, 
two fundamentally different mechanisms of damage were observed.[196] The first 
mechanism is based on the diffusion of sintering additives and impurities along the 
grain boundaries owing to the higher oxygen potential at the surface of the material. 
Reaction with SiO2 at the surface forms oxidic glass phases of low viscosity, which 
induce enhanced corrosion accompanied by N2 formation. N2 pores and 
modification change the grain-boundary phases leading to different thermal 
expansion coefficients between glass phase and matrix material induce defects, 
which lower the fracture strength of the material. A second mechanism will lead to 
complete destruction, if crystalline phase is formed during sintering depending on 
sintering additives and are readily oxidized with concomitant volume expansion. 
Internal stress may build up so strongly that the sintered component is completely 
destroyed in a short time. This phenomenon has been observed primarily in some 
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ternary Y–Si–O–N and Ce–Si–O–N phases.[199] A suitable selection of sintering 
additives, the use of high-purity starting powders, and a reduction in the additive 
and oxygen content are important for the development of high-temperature 
oxidation-resistant sintered Si3N4 materials.  
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Fig. 1-1. Manufacturing process 
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Fig. 1-2. Crystal structure of β-Si3N4 
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Fig. 1-3. Crystal structure of α-Si3N4 
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Fig. 1-4. Process for Si3N4 synthesis by direct nitridation 
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Fig. 1-5. Stability diagram for the system SiC/Si3M4/SiO2/C under varying CO 

partial pressures [106]. 
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Fig. 1-6. Process for Si3N4 synthesis by carbothermal reduction 
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Fig. 1-7. Process for Si3N4 synthesis by SiCl4/NH3 liquid-phase reaction 
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Fig. 1-8. Particle formation in gas-phase reaction [123] 
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Fig. 1-9. Set-up of a gas-phase reactor for the synthesis of Si3N4 from SiCl4 and 

NH3 
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Fig. 1-10. α-Si3N4 powder by crystallization of amorphous Si3N4 from 

SiCl4/NH3 gas-phase reaction 
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Fig. 1-11. Process for Si3N4 synthesis by SiCl4/NH3 gas-phase reaction 
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Fig. 1-12. Reactor for laser-induced Si3N4 synthesis from SiH4 and NH3 [126] 
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Fig. 1-13. Reactor for plasma chemical synthesis of Si3N4 from SiCl4 and NH3 

[133] 
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Fig. 1-14. Reactor for Si3N4 whisker synthesis from a Si/N2 gas-phase reactor 
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Fig. 1-15. α-Si3N4 whisker by crystallization of amorphous Si3N4 [72] 
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Fig. 1-16. Amorphous Si3N4 “spaghetti” from thermal decomposition of (Si-S-N-

H)x polymers [74] 
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Fig. 1-17. Left: α-Si3N4 spirals from the reaction of SiC and NH3 in presense of 

Fe [76]. Right: α-Si3N4 spirals by vapor-phase deposition from a mixture of 
Si2Cl6, NH3, and H2 onto a Fe-coated graphite substrate [144] 
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Fig. 1-18. Structure development in sintering of a Y2O3/Al2O3-doped Si3N4 

powder [158]. Left: 1800oC (10min), Middle: 1800oC (2h), then 1820oC (2h), Right: 
50 sintering cycles (see middle for conditions). Additives: 15wt% Y2O3+3.4wt% 

Al2O3 
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Fig. 1-19. Influence of type of additives on sintering behavior 
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Fig. 1-20. Dependence of fracture stress σ on size of extraneous particle in Si3N4 

sintered ceramics [171] 
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Fig. 1-21. Ceramic powder shaping methods 
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Fig. 1-22. Sintering process for the manufacturing of dense Si3N4 components 
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Fig. 1-23. Fracture strength of hot-pressed. MgO-doped Si3N4 as a function of 

temperature and time [164]  
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Chapter 2. Synthesis of Si3N4 Powder 
 

2.1 Introduction 
Silicon nitride has been used in various applications under extreme conditions, 
including component of valves in internal combustion engines, heat exchangers, 
cutting tools, and gas turbines [1–4], because of good chemical durability, low 
density, excellent hardness, and high mechanical strength at high temperature. The 
combination of thermal, dielectric, and superior high-temperature mechanical 
properties has led to the implementation of silicon nitride in electronic applications 
including electronic substrates, heat sinks, RF waveguides, windows, and 
radomes.[5] As an indispensable raw material used to prepare silicon-nitride-based 
ceramics, except for the reaction sintering method, the demands for silicon nitride 
powder are constantly increasing. [6–8] 
The quality of the silicon nitride powder can directly affect the performance of 
silicon nitride ceramic products. [9] At present, several methods are used to 
produce silicon nitride powder, including (1) direct nitridation of silicon powder, (2) 
carbothermal reduction and nitridation of SiO2, (3) self-propagation high-
temperature combustion synthesis, (4) chemical vapor-phase reaction method, and 
(5) thermal decomposition of silicon diimide.[10–13] The first two methods are 
characterized by long production time, high-energy consumption, and low quality 
of the silicon nitride powder.[9] The self-propagation high-temperature combustion 
synthesis technology has been applied to the synthesis of various high-temperature 
materials including ceramics, intermetallic compounds, and composites. It was 
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reported that the silicon nitride powder synthesized by this method was mainly β-
Si3N4, and it was difficult to control the α/β ratio in the product. [14–16] Sintering 
mechanism of Si3N4 has been reported. Sintering additives such as MgO, Al2O3, 
and Y2O3 can react with SiO2 to form silicates, which can exist in the liquid phase 
at the sintering temperature. α-Si3N4 powder melts in the liquid phase; β-Si3N4 is 
precipitated; and finally β-Si3N4 sintered body is formed by the Ostwald ripening 
mechanism[17–21] The nanosize powder synthesized by the chemical vapor-phase 
reaction in RF plasma is mainly amorphous.[22–25]. Nanosize amorphous silicon 
nitride powder with a high surface energy offers significant advantages in terms of 
the sintering rate [13,26,27]. In spite of its advantages, the chemical vapor-phase 
reaction in RF plasma is not suitable for industrial applications, because it is not 
cost-effective for mass production.[9,28]  
The imide decomposition method is a well-established technology. The imide 
synthesis reaction takes place at -50–0 °C using liquid-phase reactants.[13,29,30] 
Most silicon nitride powders, which are industrially used, are produced by this 
method. The process, however, consumes a considerable amount of energy. The 
imide synthesis reaction occurs at extremely low temperature because it uses liquid 
NH3, which has very low boiling point of -33 °C. The organic solvent, which is 
used to dissolve SiCl4, must be removed from the reaction product. Furthermore, 
the handling of liquid ammonia can be very difficult and dangerous as well.   
One promising method for the synthesis of silicon nitride powder is the vapor-
phase reaction of SiCl4 with NH3 [31,32]. It is not necessary to use organic solvent 
and easy to handle the gaseous reactants using this method. Lange et al. reported 
that the investigations of the vapor-phase reaction between SiCl4 and NH3 at the 
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temperatures in the range 300–1700 °C showed the formation of extremely fine, 
spherical, and amorphous particles with surface areas up to 300 m2 g-1[32]. The 
method, however, has not been industrially used to produce silicon nitride powder, 
because the products grow on the nozzle and are deposited on the reactor wall. It is 
very difficult to collect the products, which have been deposited on the reactor wall 
and grown on the nozzle. The nozzle can be blocked by the solid products as well 
[33,34]. The vapor-phase reaction method can be used to produce silicon nitride 
powder once the problems associated with the reaction products growing on the 
nozzle and being deposited on the reactor wall are solved. Those problems can be 
overcome by optimizing the processing conditions. The process parameters of the 
vapor-phase reaction method, however, have not been systematically investigated 
or optimized.  
In this study, in order to investigate the reaction phenomena and parameters of the 
vapor-phase reaction, the synthesis and decomposition temperatures of diimide 
were studied, and the effects of the flow rates of the reactants and carrier gas on the 
reaction temperature, yield, and the particle size were investigated. The heat of the 
reaction, which can affect the reaction temperature, was calculated. Under the 
optimized conditions, 87% yield was. 
 

2.2 Experimental Procedure 
The reaction between SiCl4 and NH3 was carried out at room temperature in a 
quartz reactor (D100 mm x H500 mm, 4L). 0.1 mole of SiCl4 and 0.6 mole of NH3 
were introduced into the reactor with separate nozzles, and the reactants were 
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supplied from the bottom to the top of the reactor. Solid products were collected at 
the bottom of the reactor. The off gas escaped from the top of the reactor. Liquid 
SiCl4 was vaporized at 150 °C before entering the reactor. Ar was flowed with 
SiCl4 to prevent the condensation of SiCl4, which is necessary to ensure the vapor-
phase reaction at room temperature.  
The synthesized solid products went through a two-step thermal process to remove 
the NH4Cl by-product and decompose diimide to produce amorphous Si3N4 in the 
quartz reactor. The two-step thermal process was carried out immediately after the 
reaction in the reactor with an electrical tube furnace to prevent the exposure of 
highly hygroscopic diimide to moisture. The first thermal process to remove the 
by-product was carried out at 500 °C for 2 h, followed by a second thermal process 
for the decomposition of diimide at 1000 °C for 2 h. 
The prepared powder was characterized by thermogravimetric analysis (TGA; 
Mettler Toledo, STAR), particle size analysis (PSA; BECKMAN COULTER, 
LS13), and scanning electron microscopy (SEM; FEI, NanoSEM200). The reaction 
yield was calculated by the following equation. 
 

Yield = weight of the synthesized amorphous silicon nitride
weight of the theoritical amorphous silicon nitride × 100 

   
The weight of the amorphous Si3N4 produced from the decomposition of diimide 
was used to calculate the reaction yield. No weight loss observed during the 
decomposition of diimide. 
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2.3 Results and Discussion  
2.3.1 Reaction Phenomena 
Reaction between SiCl4 and NH3 was carried out at room temperature in a 5L four-
neck flask reactor. Reactants were introduced from the double and triple nozzle. 
NH3 was introduced from the 1/8-inch inner tube of the double nozzle, and SiCl4 
was introduced from the 1/4 inch outer tube of the double nozzle. The nozzle was 
placed in the middle of the reactor so that the reaction is carried out near the 
bottom of the reactor and the product can be collected at the bottom of the reactor. 
The off gas escaped from the reactor through the vent line placed on the top of the 
reactor. The nozzle designs are presented in Fig. 2-1. Fig. 2-2 shows the result of 
the reaction between SiCl4 and NH3. The reaction occurred near the bottom of the 
reactor, producing white solid powder. With the progress of the reaction, the 
product was deposited around the nozzle as shown in Fig. 2(c) and white powder 
was not produced. The deposition of the product around the nozzle would cause 
flogging of the nozzle. The deposited product should be pulverized to get powder, 
thus increasing the manufacturing cost. In order to solve the deposition of the 
product around the nozzle, inert gas stream between SiCl4 and NH3 gas was 
introduced with a triple nozzle. The inert gas stream will play a barrier between 
SiCl4 and NH3 gas, and thus the reaction can occur far from the nozzle. The 
reaction between SiCl4 and NH3 using triple nozzle occurred in the 5L four-neck 
flask reactor. The product was deposited around the nozzle. The inert gas stream 
did not play a barrier to prevent the deposition of the product. The schematic of 
reaction phenomena is presented in Fig. 2-3. The reactants were introduced into the 
reactor with top-down flow, and the off gas flowed to the top of the reactor to 
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escape from the reactor through the vent line. The sprayed reactants flowed from 
the bottom of the reactor towards the top of the reactor, and thus the reaction 
occurred around the nozzle. Furthermore, the natural convection caused by the heat 
of reaction made the reactants to flow from the bottom of the reactor towards the 
top of the reactor. Reaction occurred around the nozzle because of the reactants 
stream from bottom towards the top along the nozzle. Therefore, the reaction 
product was produced around the nozzle, and the product deposited on the nozzle. 
 

2.3.2 Nozzle and Reactor Design 
In order to prevent deposition from the nozzle, various nozzles and reactors were 
designed to make the stream of reactant gases not to flow along the nozzle. The 
nozzles and reactors are presented in Fig. 4. D150 mm  H350 mm size of inside 
wall was placed in the D180 mm  H400 mm size of reactor. The separated nozzle 
was placed on the top (No. 1) or middle (No. 2) of the reactor and reactants flowed 
from the top to bottom. When reactors No. 1 and 2 were used, the product of the 
reaction did not deposit around the nozzle; however, it deposited on the top of the 
reactor. The temperature of the top of the reactor was higher than that of the bottom 
of the reactor. The natural convection caused by the heat of reaction made the heat 
accumulated on the top of the reactor. The heated reactant gases by heat of reaction 
flowed towards the top of the reactor, and the reaction occurred on the top of the 
reactor, leading to the deposition of the product on the top of the reactor. 
Considering the natural convection, the reactor was turned upside down (No. 3), 
thus the reactants gas stream flow from down towards the top of the reactor. Off 
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gas heated by the heat of reaction escaped from the reactor through the top of the 
reactor, and thus the heat of reaction was not accumulated in the reactor. As a result 
of the reaction using reactor No. 3, product was not deposited around the nozzle or 
any part of the reactor. From the results of the experiments using the reactors No. 
1–3, the optimized reactor was designed (No. 4). When optimized reactor (D100 
mm  H500 mm) with a down-top flow of reactants was used, the product of white 
solid powder, which is mixture of diimide and NH4Cl, was obtained in 97% yield.    
 

2.3.3 Effect of the Reactant Flow Rate 
The yields, tap-densities, and mean particle sizes at different flow rates are listed in 
Table 2-1. The tap density of the reaction product increased with increasing flow 
rate of the reactants (numbers 1–6 in Table 2-1). The tap densities of the reaction 
product (diimide and NH4Cl mixture) were 0.21 and 0.58 g cm-3 at the SiCl4 flow 
rates of  6 and 48 mL h-1, respectively. The particle sizes of the amorphous Si3N4 
at the SiCl4 flow rates of 12, 24, and 48 mL h-1 were measured by PSA, and the 
results are listed in Table 2-1 and Fig. 2-5. The SEM images of amorphous Si3N4 
particles are shown in Fig. 2-6. When the SiCl4 flow rate was 12, 24, and 48 mL h-1, 
the mean particle size was 3.9, 5.3, and 9.9 μm, respectively. Amorphous Si3N4 
particles with spherical shapes were observed in the SEM analysis as shown in Fig. 
2-6, and the size of the particle observed in the SEM images was consistent with 
that of the PSA result. The particle size increased and the particle size distribution 
became broader as the reactants’ flow rates increased, as shown in Fig. 2-5. A wide 
particle size range can help to obtain homogeneous packing, which can increase the 
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tap density. As the flow rates of the reactants increase, the particle size increased. 
The particle size of the reaction product increased as the flow rate of the reactants 
increased, which can be explained using two reaction parameters - the higher Ar 
flow rate and the higher concentration of the reactants. Solid-phase products are 
formed as a result of the vapor-phase reaction. The reactants are adsorbed on the 
surface of the solid product, and the reaction occurs on the surface in the reaction 
zone where the vapor-phase reactants and the solid-phase product coexist. The 
particle grows because the reaction occurs on the surface of the particle. When the 
Ar flow rate is increased, the sedimentation time of the particle can increase, and 
the particle can have an increased number of chances to react on its surface due to 
the longer sedimentation time. For this reason, the particle size can increase during 
the reaction. If the concentrations of the reactants are high, the number of produced 
particles per unit area can increase. Reactants then have additional chances to 
adsorb on the surface of the particles at a higher concentration. The adsorbed 
reactants react on the surface of the particles, leading to larger particle size. 
Experiments 6–9 in Table 2-1 show that the increase in the concentrations of the 
reactants decreases the Ar flow rate. The tap density increased as the concentrations 
of the reactants increased, whereas it decreased with increasing Ar flow rate. The 
tap density, which is affected by the particle size and the size distribution, was 
affected more by the concentration of the reactants than by the Ar flow rate. The 
reaction yield decreased with increasing Ar flow rate. 97.9% and 87.3% yields 
were observed when the Ar flow rate was 125 and 1000 mL min-1, respectively. 
Fine particles, which do not settle on the bottom of the reactor, can escape from the 
reactor with the off gas stream. When the Ar flow rates were 1250 and 1750 mL 
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min-1, the yields were 78.7% and 48.0%, respectively. The reaction yield rapidly 
decreased when the Ar flow rate exceeded 1000 mL min-1. An Ar flow rate 1000 
ml min-1 was too fast for the reaction; thus not only fine particles, but also 
unreacted reactants can escape from the reactor, lowering the reaction yield.  
 

2.3.4 Effect of the Reaction Temperature 
The reactions carried out at 50, 100, 150, 200, and 300 C afforded the product in 
reasonable yields, as shown in Fig. 2-7. The reaction yields were 87%, 87%, and 82% 
at 25, 100, and 150 C, respectively. The reaction yield decreased dramatically 
when the temperature exceeded 200 C and no product was obtained at 200 and 
300 C, indicating that diimide is not obtained at temperatures 200 C. The 
reaction did not occur at temperatures 150 C, because Si(NH)2 decomposed into 
Si3N4 and NH3 at temperatures 150 C. In order to investigate the imide 
decomposition temperature, TGA of the reaction product and the NH4Cl reagent 
was carried out. The results of the TGA are shown in Fig. 2-8. 
As shown in Fig. 2-8, 4.4 and 80 wt% of weight loss of the reaction product were 
observed at 100 C and 200 C, respectively. 100% weight loss of the NH4Cl 
reagent was observed at temperatures 250 C. The first weight loss of the reaction 
product at 100 C was the result of the release of NH3 during the Si(NH)2 
decomposition process. The second weight loss at a temperature close to 200 C 
was the result of NH4Cl decomposition. The TGA results show that Si(NH)2 is 
completely decomposed at 150 C. Mazdiyasni et al. reported that diimide 
(Si(NH)2) formed by the reaction between SiCl4 and NH3 is polymerized to 
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[Si(NH)2]n at 360 C, after which its pyrolysis to two intermediate species, 
2[Si3(NH)3N2]n at 400 C and 3[Si2(NH)N2]n at 650 C, yields α-Si3N4 at 1200 C 
[35]. Lange et al. reported that Si(NH)2 is stable up to 200 C and gradually loses 
NH3 with increasing temperature until amorphous Si3N4 is formed. Thermal 
decomposition in the reaction of Si(NH)2 and HCl in the presence of NH4Cl affords 
Si2N3H2Cl, which is decomposed into amorphous Si3N4 at 800 C [32]. In this 
study, nearly all Si(NH)2 decomposed at 100 C. As shown in Fig. 2-7, 85% yield 
was obtained at temperatures 150 C, and no reaction was observed at 
temperatures 200 C, which is the decomposition temperature of Si(NH)2. The 
vapor-phase reaction is given by the following equations [32]. 
 
SiCl4 + 6NH3 → Si(NH)2 + 4NH4Cl  (2-1) 
SiCl4 + 2NH3 → Si(NH)2 + 4HCl    (2-2) 
3SiCl4 + 4NH3 → Si3N4 + 12HCl    (2-3) 
 
By controlling the molar ratio of the reactants and the reaction temperature, only 
Si(NH)2 or Si3N4 as the solid product can be obtained. However, it is difficult to 
realize reaction (2-2), because the decomposition temperature of Si(NH)2 is higher 
than that of NH4Cl. Amorphous Si3N4 can be formed directly by reaction (2-3) at 
temperatures 300 C, but the formation of NH4Cl cannot be avoided in the 
reaction between NH3 and HCl. In this study, a mixture of Si(NH)2 and SiCl4 was 
formed by reaction (2-1) at temperatures 150 C. To yield Si3N4, the separation of 
NH4Cl by sublimation during the decomposition process of Si(NH)2 must be 
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carried out. It can be more economical to produce Si3N4 powder by reaction (2-1) 
owing to the low reaction temperature compared to that of reaction (2-3). The 
formation of a large amount of NH4Cl by-product, however, has to be taken into 
account when upscaling is considered.  
 

2.3.5 Heat of the Reaction 
The control of the reaction temperature is important for the synthesis of Si(NH)2 
because the reaction is temperature sensitive. Si(NH)2 was not formed at 200 C and 
300 C, as shown in Fig. 2-7. The reaction temperature has to be 200 C to ensure 
that the reaction takes place. The temperature, however, will increase during the 
reaction because of the vigorous exothermic reaction. The heat of this reaction 
remains unknown. The standard enthalpy of the reaction from the standard 
enthalpy of the formation of each reactant and product was calculated and is as 
follows: ∆fHSiCl4(g) = 662.7 kJ mol-1, ∆fHNH3(g) = 46.1 kJ mol-1, and ∆fHNH4Cl(s) 
= 314.5 kJ mol-1 at 298 K and 1 atm. [36] The thermodynamic properties of 
Si(NH)2 have not been reported, and thus the standard enthalpy of the formation of 
Si(NH)2 was calculated by the ASPEN plus. The method of Benson and Joback 
was used for the calculation. The calculated standard enthalpy of the formation of 
Si(NH)2(s) was 97.1 kJ mol-1.  
SiCl4 + 6NH3 → Si(NH)2 + 4NH4Cl   ∆H =221.6 kJ mol-1 
 
The calculation of the standard enthalpy of the reaction using the standard enthalpy 
of the formation of each component (∆H = 221.6 kJ mol-1) is reasonable, as the 
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reaction was carried out at the standard ambient temperature and pressure levels 
(298 K and 1 atm). If the heat of the reaction between 0.1 mole of SiCl4 and 0.6 
mole of NH3 is transferred only to NH4Cl under an adiabatic condition, the 
temperature of NH4Cl will increase to 587.2 C, if the heat capacity of NH4Cl is 
assumed to be constant as the temperature changes. Therefore, Si(NH)2 will not be 
produced. The temperature has to be decreased by cooling during the reaction. In 
this study, Ar gas was used to prevent the condensation of SiCl4. The heat of the 
reaction can be transferred to the Ar gas, lowering the reaction temperature. The 
heat of the reaction between 0.1 mole of SiCl4 and 0.6 mole of NH3 increased the 
temperature of NH4Cl to 428.7 and 338.4 C at the Ar flow rates of 250 and 500 
mL min-1, respectively, assuming that the heat is transferred only to NH4Cl and Ar 
under an adiabatic condition and that the heat capacities of NH4Cl and Ar are 
constant as the temperature changes.  
Table 2-2 shows the temperatures at the end of the reaction between 0.1 mole of 
SiCl4 and 0.6 mole of NH3 at different Ar flow rates. The temperatures were 
measured at the top, middle, and bottom of the reactor.  
The temperature in the middle point of the reactor was higher than those of the top 
and bottom, except for experiment number 10 in Table 2-2. A reaction zone was 
formed in the middle of the reactor. When the Ar flow rate was 250 mL min-1, the 
temperature increased with increasing flow rates of the reactants. In contrast, the 
temperature decreased as the Ar flow rate increased when the SiCl4 and NH3 flow 
rates were 24 and 500 mL min-1, respectively. The heat of the reaction was 
transferred to the air-cooled reactor. The heat exchange rate between the reactor 
and the air was lower than that of the heat release from the reaction with increasing 
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flow rates of the reactants. In addition, the temperature at the middle point in the 
reactor increased to 126 C in experiment number 12, whereas it increased to 45 C 
in experiment number 10, as shown in Table 2-2. Experiments 12–14 in Table 2-2 
demonstrate that the temperatures at the middle point decreased as the Ar flow rate 
increased. The flow of Ar gas was effective in cooling down the reactor, but the 
yield decreased as the Ar flow rate increased, as listed in Table 2-1.  
An increase in the flow rate of the reactants is beneficial to productivity but the 
temperature increased as the reactant flow rate increases, decreasing the yield. 
Increasing the Ar flow rate for cooling can lead to a loss of the reactants, which can 
eventually lower the yield. Both the productivity and the yield can be improved by 
optimizing the process conditions of the reaction.   
 

2.4 Conclusions 
To investigate the reaction phenomena and parameters of low-temperature vapor-
phase reaction for the synthesis of Si(NH)2, the synthesis and decomposition 
temperatures of Si(NH)2 were studied. In addition, the effects of the flow rates of 
the reactants and the carrier gas on the particle size, the reaction temperature, and 
the yield were investigated. The reaction product was grown on the nozzle because 
the reaction zone was formed near the nozzle. The convection caused by the heat of 
reaction played an important role of product growing phenomenon. Down-top flow 
reaction was the best way to prevent the product from the deposition. The 
concentration of the reactant affected the particle size of the product. No reaction 
was observed at temperatures 200 C because of the decomposition of Si(NH)2. 
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The reaction temperature increased as the reactant flow rates increased because of 
the exothermic nature of the reaction, which lowered the yield. The reaction yield 
decreased with increasing Ar flow rate; this process can be used to cool the reactor. 
The flow rates of SiCl4, NH3, and Ar were increased to 48, 1000, and 1000 mL min-

1, respectively, for the optimization, affording 87% yield in the reactor used in this 
study (D100 mm  H500 mm, 4L).  
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Fig. 2-1. Nozzle design; (a) double nozzle and (b) triple nozzle. 

  



83 
 

 
Fig. 2-2. Reaction between SiCl4 and NH3 with 5L 4 neck flask reactor; (a) before 

the reaction, (b) during the reaction, and (c) after the reaction. 
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Fig. 2-3. Scheme of reaction phenomena. 
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Fig. 2-4. Nozzle and Reactor design 

 
  



86 
 

 
Fig. 2-5. Particle size distribution when different flow rates of the reactants were 
used (No. 2; SiCl4 12 ml h-1, NH3 250 ml min-1, and Ar 250 ml min-1, No. 4; SiCl4 

24 ml h-1, NH3 500 ml min-1, and Ar 500 ml min-1, No. 6; SiCl4 48 ml h-1, NH3 
1000 ml min-1, and Ar 1000 ml min-1) 
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Fig. 2-6. SEM image of amorphous Si3N4 when different flow rates of the reactants 
were used (No. 2; SiCl4 12 ml h-1, NH3 250 ml min-1, and Ar 250 ml min-1, No. 4; 
SiCl4 24 ml h-1, NH3 500 ml min-1, and Ar 500 ml min-1, No. 6; SiCl4 48 ml h-1, 

NH3 1000 ml min-1, and Ar 1000 ml min-1) 
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Fig. 2-7. Reaction yields at different reaction temperatures 
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Fig. 2-8. TGA results from the reaction product and the NH4Cl reagent (black line; 
the reaction product (mixture of Si(NH)2 and NH4Cl) and dashed line; the NH4Cl 

reagent) 
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Table 2-1 The yields, tap-densities and mean particle sizes when different flow 
rates were used 

No. 
SiCl4 
(ml h-1) 

NH3 
(ml min-1) 

Ar 
(ml min-1) 

Yield 
(%) 

Tap density (g cm-3) Mean 
particle 
size (μm) 

Diimide 
 + NH4Cl 

a-Si3N4 

1 6 125 125 97.9 0.21   
2 12 250 250 95.8 0.21 0.11 3.9 
3 18 375 375 94.4 0.20   
4 24 500 500 94.1 0.36 0.10 5.3 
5 36 750 750 87.3 0.46   
6 48 1000 1000 87.3 0.58 0.12 9.9 
7 12 250 1750 48.0 0.28   
8 24 500 1500 74.7 0.49   
9 36 750 1250 78.7 0.59   
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Table 2-2 The temperatures at the top, middle, and bottom of the reactor at the end 
of the reaction with different flow rates of reactants and Ar gas 
No. SiCl4 

(ml h-1) 
NH3 
(ml min-1) 

Ar 
(ml min-1) 

Temperature in the reactor (oC) 
Top Middle Bottom 

10 12 250 250 47 45 58 
11 24 500 250 35 70 28 
12 48 1000 250 41 126 36 
13 24 500 500 58 70 30 
14 24 500 1000 25 54 25 
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Chapter 3. Crystallization Behavior  
 

3.1 Introduction 
Silicon nitride ceramics have been widely used in energy, metallurgy, machinery, 
and aerospace industries.1,2,3 The performance of the silicon nitride ceramics are 
directly affected by the quality of the silicon nitride powder. Among the various 
methods to produce silicon nitride powder, such as direct nitridation, carbothermal 
reduction, gas-phase reaction, and imide decomposition4,5,6,7, the latter is 
considered suitable for the production of Si3N4 powder with high quality.8 The 
thermal decomposition of imide has been used for decades to produce silicon 
nitride powder via a relatively simple liquid-phase process9; however, it is an 
expensive technique. A promising method to produce silicon nitride powder, which 
can be more cost-effective while maintaining a high quality of the powder, is the 
vapor-phase reaction of silicon tetrachloride with ammonia.10,11 We have reported 
the optimized conditions of the reaction parameters for the synthesis of the 
amorphous silicon nitride powder by using the low-temperature vapor-phase 
reaction method.12 The synthesized amorphous silicon nitride powder needs to be 
crystallized to the α-phase for the sintering process to manufacture the silicon 
nitride ceramics.7  
In the past two decades, several studies on the crystallization process of the 
amorphous silicon nitride powder have been performed.13,14,15,16 Micro amorphous 
silicon nitride powder was prepared by pyrolysis of polysilazane under flowing 
NH3 atmosphere and by thermal decomposition of Si(NH)2; nanosized amorphous 
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silicon nitride powder was prepared by the vapor-phase reaction of silicon 
tetrachloride with ammonia.17 Morgan18 and Prochazka et al.19 reported that the 
amorphous-crystalline transition, which occurred at approximately 1480–1490 °C, 
was strongly exothermic, and was accelerated by the heat evolved during the phase 
transition. Janos et al. reported that a crystallization temperature range of 
approximately 1420–1480 °C was recommended for the thermal plasma silicon 
nitride powders.16 Allaire et al. suggested a low temperature limit of ~1500 °C for 
the complete crystallization of the amorphous silicon nitride powder.13 The 
ammonium chloride impurities in the silicon nitride powder and the nitrogen in the 
furnace atmosphere cause the formation of whiskers13. Powders with 
approximately 80% of crystalline phase content and an α/β ratio of roughly 6 were 
produced by annealing amorphous silicon nitride powder at 1450 °C for 6 h under 
nitrogen flow.16 The X-ray diffraction (XRD) results of an early study show that a 
small amount of β-SiC was formed, and the transformation of α- to β-Si3N4 also 
occurred in the powders after heating at 1700 °C under nitrogen atmosphere.20 At 
high temperature, generally in the range of approximately 1600–1700 °C, the 
transformation from α- to β-phase occurs, usually assisted by impurities, but the 
reverse transformation from β to α has not been observed.21,22 Early studies showed 
that the crystallization behavior of the amorphous silicon nitride strongly depends 
on the processing history of the amorphous structure. The crystallization 
temperature was found to vary from 1200 °C to 1500 °C depending on the 
synthesis method and the characteristics of the amorphous materials, such as the 
kinds and amounts of impurities contained as well as the particle size;14,15,20,23 
however, to the best of our knowledge, there is no report on the crystallization of 
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amorphous silicon nitride powder synthesized by low-temperature vapor-phase 
reaction method.  
The aim of this work is to establish the process conditions for the crystallization of 
amorphous silicon nitride powder synthesized by low-temperature vapor-phase 
reaction method. To examine the crystallization behavior, the amorphous silicon 
nitride powder was heat treated at various temperatures for different periods of 
time. The effects of the heat-up rate on the particle size of the α-phase silicon 
nitride powder were investigated, and were then used to explain the variation of the 
particle size and size distribution. 
 

3.2 Experimental Procesure  
The amorphous silicon nitride powder was prepared by low-temperature vapor-
phase reaction method. The details of the process were previously reported 
elsewhere.12 The reaction between SiCl4 and NH3 was conducted at room 
temperature, and the solid product (imide + NH4Cl by-product) went through a 
two-step thermal process to obtain the amorphous silicon nitride powder. The first 
thermal process to remove the NH4Cl was conducted at 500 °C for 2 h, followed by 
a second thermal process for the decomposition of diimide at 1000 °C for 2 h. Two 
grams of the amorphous silicon nitride powder was loaded in a graphite crucible, 
and then heat treated in an alumina tube furnace under nitrogen atmosphere using 
various temperature profiles, namely, different heat-up rates, temperatures, and 
durations.  
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The prepared samples were characterized by particle size analysis (PSA; 
BECKMAN COULTER, LS13), X-ray diffraction (XRD; PANalytical, 
EMPYREAN), and scanning electron microscopy (SEM; FEI, NanoSEM200). 
 

3.3 Results and Discussion  
3.3.1 Effect of Crystallization Temperature 
The XRD patterns of the products obtained after heat treating the amorphous 
silicon nitride powder for 3 h at (a) 1300 °C (A), 1400 °C (B) and (b) 1450 °C (C), 
1500 °C (D), 1550 °C (E), and 1600 °C (F) are shown in Fig. 3-1. Peaks with very 
small intensities, which can be assigned to -Si3N4, were observed in sample B, 
indicating that a small degree of crystallization occurs at 1400 °C. Clearly, 
compared to the sample heat treated at 1400 °C, the diffraction intensities of the 
peaks corresponding to the crystalline phase (-Si3N4) substantially increased 
when the powder was heat treated at 1450 °C; notably, the intensities did not 
change as the heat-treatment temperature further increased above 1500 °C and up 
to 1600 °C. This trend indicates that the crystallization to -Si3N4 occurs at 
temperatures above 1450 °C. Janos et al. reported that the crystallization 
temperature and duration affected the formation of the -phase.16 Allaire et al. 
reported that a nitrogen atmosphere promoted the formation of the -phase.13 In Fig. 
3-1, however, the diffraction peaks of the -phase were not observed for all the 
samples. In this study, the absence of the diffraction peaks from the -phase is 
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consistent with the assumption that metal impurities can assist the formation of the 
-phase,21,22 as no metal impurities were present in the synthesized powder. 
The SEM images of the powders obtained after heat treating the amorphous silicon 
nitride powder for 3 h at 1300 °C (A), 1400 °C (B), 1450 °C (C), 1500 °C (D), 
1550 °C (E) and 1600 °C (F) are shown in Fig. 3-2. Spherical amorphous silicon 
nitride particles with a size of ~10 μm were observed in the samples heat treated at 
1300 °C (A) and 1400 °C (B). Well-defined crystals with an average size of 
approximately 1–1.5 μm were observed in the sample heat treated at temperatures 
above 1450 °C. The size of the hexagonal crystals slightly increased when the 
temperature increased from 1500 °C to 1600 °C, reaching a value of approximately 
2 μm for the sample heat treated at 1600 °C for 3 h (F); the increase in size 
indicates that the crystal growth occurred after the completion of the crystallization. 
Crystals on the surface of the residual amorphous silicon nitride particles were 
observed in the sample heat treated at 1450 °C for 3 h (C), which can be considered 
as an intermediate state during the phase transition from amorphous to -phase. 
Partial crystallization occurred in sample C. From the results of the XRD and SEM 
images, although a certain degree of crystallization occurred at 1400 °C and 
1450 °C, the lowest temperature needed for the complete crystallization of the 
amorphous silicon nitride powder synthesized by low-temperature vapor-phase 
reaction appear to be close to 1500 °C. 
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3.3.2 Effect of Crystallization Duration 
The amorphous silicon nitride powder was completely crystallized to -Si3N4 when 
heat treated at 1500 °C for 3 h, as confirmed by the results of the XRD and SEM 
analyses shown in Figs. 3-1 and 3-2. To investigate the effect of the heating 
duration, the amorphous silicon nitride powder was heat treated at 1500 °C and 
1550 °C for periods of time ranging from 1 to 4 hours at a heat-up rate of 
10 °C/min. The diffraction patterns of the samples obtained after heat treating the 
amorphous silicon nitride powder at (a) 1500 °C for 1 h (G), 2 h (H), 3 h (I), 4 h (J), 
and at (b) 1550 °C for 1 h (K), 2 h (L), and 3 h (M) are shown in Fig. 3-3. The 
intensities of the diffraction peaks of the samples heat treated at 1500 °C increased 
when the heating duration increased, suggesting that the degree of crystallinity was 
accordingly enhanced. The SEM images of the samples obtained after heat treating 
at 1500 °C for 1 h (G), 2 h (H), 3 h (I), and 4 h (J), and those at 1550 °C for 1 h (K), 
2 h (L), and 3 h (M) are shown in Figs. 3-4 and 3-5, respectively. Crystals on the 
surface of the residual amorphous silicon nitride particles were observed in the 
samples heat treated at 1500 °C for 1 h (G) and 2 h (H), which can be considered as 
an intermediate state during the phase transition from amorphous to α-phase. 
Crystals with a size of several hundred nanometers aggregated together and formed 
spherical particles of 10 μm size in sample H, which seemed to be amorphous; 
however, the surface of the particle was transforming to the crystal phase. In 
samples I and J, well-defined crystals having hexagonal section and an average size 
of approximately 1 μm to 1.5 μm were observed. The sample heat treated at 
1550 °C for 1 h (K) was completely crystallized, and further crystal growth did not 
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occur when the duration was increased from 1 h to 3 h (Figs. 3-3 and 3-5). 
Hexagonal crystals with an average size of approximately 2 μm were observed.  
From these results, the heating duration at the specific treatment temperature has 
clearly an effect on the degree of crystallinity in the crystallization process. There 
is a minimum time to complete the crystallization, which can vary as the 
crystallization temperature changes, and, as the duration increases, the crystal 
growth occurs and the size of the crystals increases. No appreciable changes in the 
size and shape of the crystals were observed after heat treating at 1500 °C for 3 h 
or at 1550 °C for 1 h, suggesting that the crystallization process was completed 
after the heat treatment at 1500 °C for 3 h or at 1550 °C for 1 h. 
 

3.3.3 Crystallization Behavior 
The experimental results in Figs. 3-1, 3-2, and 3-4 show that the crystallization and 
the crystal growth occurred at a temperature above 1400 °C. The heating duration 
affected the crystal-growth behavior at 1500 °C. The longer the duration, the larger 
the extent of crystal growth occurred. Fig. 3-6 shows a schematic model for the 
crystallization process of the amorphous silicon nitride powder. The crystallization 
process starts at the surface of the amorphous particle: the outer regions of the 
particle become crystalline, while the inner part remains amorphous. The energy on 
the surface of the amorphous silicon nitride particle is higher than that inside the 
particle, and the re-arrangement of the atoms (needed for the transformation to the 
crystalline phase) at the surface can be considerably faster than that inside the 
particle. The silicon nitride crystals, formed by the re-arrangement of the Si and N 
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atoms on the surface of the large amorphous particle, are separated from the 
amorphous particle itself. The Si and N atoms of the amorphous phase located on 
the new surface of the amorphous particle after the separation of the crystals can 
re-arrange and form crystals, which in turn separate from the host amorphous 
particle; this process continues until the whole amorphous particle is converted into 
crystals. The formation of the nuclei for the crystallization is controlled by the 
nucleation barrier shown in Equation 1 (∆G* = nucleation barrier);24 the barrier is 
inversely proportional to the temperature  

     (3-1). 
The increase of the temperature leads to the decrease of the nucleation barrier, 
which means that more nuclei for the crystallization can be formed. The newly 
formed nuclei can then grow in size. 
 

3.3.4 Effect of Heat-up Rate 
From Equation 3-1, the formation of the nuclei for the crystallization can be 
controlled by tuning the temperature. The phase transition occurred at a 
temperature above 1400 °C (Fig. 3-1). The relative extent of nucleation and growth 
(which will determine the crystal size and its distribution) can be controlled by 
tuning the heat-up rate during the nucleation  
When the heat-up is slow, there is plenty of time for nucleation before the growth 
starts. When the growth starts, there are already a number of nuclei that are ready 
to grow, leading to a relatively uniform size of the crystals. When the heat-up is 
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fast, intensive nucleation can still occur when the growth starts. The crystals grown 
from the nuclei formed during the heat-up (with the “early crystals”) can grow and 
become larger than the crystals grown from the nuclei formed after that the growth 
of the “early crystals” occurred. In this case, the particle size can be relatively not 
uniform.  
To control the particle size of the -Si3N4 powder, the amorphous silicon nitride 
powder was heat treated at 1550 °C for 1 h; heat-up rates of 0.7 °C/min, 2 °C/min, 
4.5 °C/min, and 10 °C/min were adopted from 1100 °C up to 1400 °C; then, the 
temperature was increased with a heat-up rate of 10 °C/min from 1400 °C to 
1550 °C. The temperature profile is shown in Fig. 3-7. Table 3-1 and Fig. 3-8 show 
the particle size and its distribution for the samples heat treated with the 
temperature profile shown in Fig. 3-7. The mean particle sizes of the amorphous 
silicon nitride powder heat treated at 1550 °C for 1 h with heat-up rates of 
0.7 °C/min, 2 °C/min, 4.5 °C/min, and 10 °C/min were 1.25 μm, 1.28 μm, 1.28 μm, 
and 1.10 μm, respectively. Two clear peaks at ~0.3 and ~2 μm were observed for 
the P and Q samples, while only one peak at ~1.5 μm was observed for the N and O 
samples (Fig. 3-8). When the heat-up is slow, the growth starts after that the 
nucleation is almost completed, which leads to the singlet particle size distribution 
(N and O in Fig. 3-8). On the other hand, a bimodal particle size distribution was 
observed (P and Q in Fig. 3-8) when the heat-up rate was increased, indicating that 
the nucleation was not completed when heating from 1100 °C to 1400 °C, and that 
the nucleation and crystal growth occurred simultaneously during the heating step 
from 1400 °C to 1550 °C.  
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We investigated the effect of the heat-up rate in the temperature range of 1400–
1550 °C on the particle size and its distribution. The amorphous silicon nitride 
powder was heat treated at 1550 °C for 1 h; a heat-up rate of 10 °C/min was 
adopted up to 1400 °C, and then the temperature was increased with heat-up rates 
of 0.7 °C/min, 2 °C/min, 4.5 °C/min, and 10 °C/min from 1400 °C to 1550 °C. The 
temperature profile is shown in Fig. 3-9. The particle size distributions of the 
prepared samples are shown in Fig. 3-10.  
All the samples exhibited a bimodal particle size distribution. The heat-up to 
1400 °C with the rate of 10 °C/min was too fast to allow a complete nucleation; 
thus, the nucleation and crystal growth occurred simultaneously during the heat-up 
from 1400 °C to 1550 °C, even when the heat-up was very slow (0.7 °C/min, R in 
Fig. 3-10). Clearly, most of the nucleation occurred at a relatively low temperature 
below 1400 °C and, therefore, decreasing the heat-up rate led to a uniform particle 
size (O and N in Fig. 3-7). The bimodal particle size distribution could be achieved 
by adopting a fast heat-up rate during the crystallization process. The bimodal 
particle size distribution can help increase the packing density before the sintering 
process for the fabrication of silicon nitride ceramics, in turn contributing to 
increase the sintering density of the ceramics.  
 

3.4 Conclusions 
Amorphous silicon nitride powder was heat treated at various temperatures for 
different periods of time to examine the crystallization behavior. The effects of the 
heat-up rate on the particle size, and its distribution, of the α-phase silicon nitride 



106 
 

powder were investigated. A phase transition from amorphous to -phase occurred 
at temperatures above 1400 °C. The crystallization process was completed after 
heat treatment at 1500 °C for 3 h or at 1550 °C for 1 h. The crystallization process 
starts at the surface of the amorphous particle: the outer regions of the particle 
become crystalline, while the inner part remains amorphous. The re-arrangement of 
the Si and N atoms on the surface of the amorphous particle leads to the formation 
of hexagonal crystal structures that are separated from the host amorphous particle. 
The nucleation occurred at temperatures below 1400 °C. 
The particle size and its distribution can be tuned by varying the heat-treatment 
profile (namely, the heat-treatment temperature, heating rate, and heating duration 
at the specified treatment temperature), which can be used to control the relative 
extent of nucleation and growth. The completion of most of the nucleation by 
lowering the heat-up rate can be used to achieve a singlet particle size distribution. 
Conversely, a bi-modal particle size distribution can be achieved by adopting a fast 
heat-up rate during the crystallization process.  
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Fig. 3-1. XRD patterns of the amorphous silicon nitride powders heat-treated for 3 

h at (a) 1300oC (A), 1400oC (B) and (b) 1450oC (C), 1500oC (D), 1550oC (E), 
1600oC (F) 
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Fig. 3-2. SEM images of the amorphous silicon nitride powder and the samples 
heat-treated for 3 h at 1300oC (A), 1400oC (B), 1450oC (C), 1500oC (D), 1550oC 

(E), and 1600oC (F) 
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Fig. 3-3. XRD patterns of the amorphous silicon nitride powders heat-treated at (a) 
1500oC for 1 h (G), 2 h (H), 3 h (I), 4 h (J) and (b) 1550oC for 1 h (K), 2 h (L), 3 h 

(M) 
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Fig. 3-4. SEM images of the amorphous silicon nitride powders heat-treated at 

1500oC for 1 h (G), 2 h (H), 3 h (I) and 4 h (J) 
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Fig. 3-5. SEM images of the amorphous silicon nitride powders heat-treated at 

1550oC for 1 h (K), 2 h (L) and 3 h (M) 
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Fig. 3-6. Schematic model for crystallization behavior 
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Fig. 3-7. Temperature profile of the samples heat treated at 1550oC for 1 h with 

heat-up rate of 0.7 oC/min (N), 2 oC/min (O), 4.5 oC/min (P) and 10 oC/min (Q) at 
the temperature from 1100oC to 1400oC, and then the temperature was increased 

with heat-up rate of 10 oC/min from 1400oC to 1550oC 
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Fig. 3-8. Particle size analysis of the amorphous silicon nitride powders heat-

treated at 1550oC for 1 h with heat-up rate of 0.7 oC/min (N), 2 oC/min (O), 4.5 
oC/min (P), and 10 oC/min (Q) at the temperature from 1100oC to 1400oC, and then 

the temperature was increased with heat-up rate of 10 oC/min from 1400oC to 
1550oC 
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Fig. 3-9. Temperature profile of the samples heat treated at1550oC for 1 h with 

heat-up rate of 10 oC/min to 1400oC, and then temperature was increased with heat-
up rate of 0.7 oC/min (R), 2 oC/min (S), 4.5 oC/min (T), and 10 oC/min (U) from 

1400oC to 1550oC 
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Fig. 3-10. Particle size analysis of the amorphous silicon nitride powders heat-
treated at 1550oC for 1 h with heat-up rate of 10 oC/min to 1400oC, and then 

temperature was increased with heat-up rate of 0.7 oC/min (R), 2 oC/min (S), 4.5 
oC/min (T), and 10 oC/min (U) from 1400oC to 1550oC 
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Table 3-1.  Particle size analysis of amorphous silicon nitride powder heat-treated 
at 1550oC for 1 with heat-up rate of 0.7 oC/min (N), 2 oC/min (O), 4.5 oC/min (P), 
and 10 oC/min (Q) at the temperature from 1100oC to 1400oC, and then the 
temperature was increased with heat-up rate of 10 oC/min from 1400oC to 1550oC. 
The heat-up temperature profile is shown in Fig. 7.  

Materials Mean (μm) d10 (μm) d50 (μm) d90 (μm) 

N (0.7 oC/min) 1.25 0.10 0.88 0.34 

O (2 oC/min) 1.28 0.19 0.93 0.39 

P (4.5 oC/min) 1.28 0.16 0.82 0.38 

Q (10 oC/min) 1.10 0.14 0.60 0.43 
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Chapter 4. Si3N4 Nanowires  
 

4.1 Introduction 
One-dimensional (1D) nanostructures such as nanowires, nanotubes, and nanobelts 
have attracted considerable attention due to their unique morphologies/properties 
and potential applications in nano-optoelectronic devices and nanocomposites.1-5 
Silicon nitride which is one of the most important high temperature structural 
ceramics6-8, is well known for its excellent mechanical properties and thermal 
stability such as high strength, high hardness, and good resistance to thermal shock 
and oxidation. Moreover, a wide energy band (5.0-5.3 eV) of Si3N4 makes it 
possible to tailor its electro-optic properties by proper doping.9 Si3N4 with 1D 
nanostructure is a promising material for manufacturing of composites and for 
optical and electronic nanodevices operating in severe environments. As a result, a 
variety of synthesis methods have been attempted to prepare Si3N4 1D 
nanostructures with various morphologies.10-16 Yang et al. synthesized Si3N4 
nanobelts by the catalyst-assisted (e.g., FeCl2, NiCl2, and Al powder) pyrolysis of 
polysilazane.12,15,17 Huo et al. reported the direct nitridation of Fe-Si alloy 
particles.14 Shuyue et al.18 and Juntong et al.19 used catalytic thermal-CVD method. 
Yin et al. reported the vapor-solid reaction of NH3 with SiO.20 Zhang et al.21 and 
Wang et al.13 prepared Si3N4 nanowires through the reaction of silica gel and 
carbon nanoparticles. Zhang et al. synthesized Si3N4 nanowires by heating Si 
powders or Si/SiO2 powder mixture in N2 or NH3 atmosphere with or without Fe or 
Ni powders.22 Kim et al.23 and Xie et al.24 synthesized Si3N4 nanowires through the 
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reaction of silicon substrate and NH3 with Fe nanoparticles as the catalyst. Zhang et 
al. synthesized Si3N4 nanowires via direct crystallization of amorphous Si3N4 (a-
Si3N4) powder under high temperature in N2 flow25, which is not consistent with 
most literatures in which Si3N4 powders (not nanowires) were synthesized from the 
crystallization of a-Si3N4 powder under high temperature in N2 atmosphere.26-28 
Zou et al.29 and Xu et al.30 synthesized Si3N4 nanorods in solvent thermal route at 
low temperature. Although many of these methods produced high-yield Si3N4 
nanowires, difficulties in the preparation were also reported. For instance, it is 
difficult to separate high-quality nanowires from the remaining powder in vapor-
solid reactions. For the pyrolysis, the liquid polysilazane has to be solidified by 
heat treatment before the pyrolysis, and the residual carbon derived from the 
reaction still remains in the product. In the case of using any catalyst, separation of 
the catalyst and the nanowires is needed. For the direct nitration of Si or 
carbothermal reduction of SiO2 with C, the unreacted Si, SiO2 or C and byproduct 
such as SiC can still remain in the product. The use of Si/SiO2 and C as raw 
material and any metallic catalysts should be avoided to produce high-quality Si3N4 
nanowires. 
In the meantime, the growth mechanism of Si3N4 nanowires has also been 
extensively discussed. Catalytic growth of Si3N4 nanowires has been explained by 
the vapor-liquid-solid (VLS) mechanism which Wagner et al. proposed.31 There 
still exist different descriptions in details on the formation of Si3N4 nanowires 
prepared from different routes. Chen et al. explained the growth mechanism of rod-
like β-Si3N4 crystals from combustion synthesis by a synergy of VLS and Vapor-
Solid (VS).32 Kim et al. found that the Si3N4 nanowires grown directly from silicon 
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substrate resulted from a combination of Solid-Liquid-Solid (SLS) and VLS.23 
Yang et al. reported that the growth of plate-like and branched Si3N4 whiskers 
which were obtained from catalyst-assisted pyrolysis of polymeric precursors 
followed a Solid-Liquid-Gas-Solid (SLGS) mechanism.12,15,17 Lin et al. reported 
that the Si3N4 nanotubes prepared from a thermal heating CVD method were 
formed via the VLS mechanism.33 Zhang et al. prepared Si3N4 nanowires by 
heating Si or Si/SiO2 powder in N2 or NH3 atmosphere with or without catalysts 
and suggested that the growth was a VS process.22 It is obvious that SiO vapor as 
the Si source of nanowire plays an important role in the growing of Si3N4 
nanowires no matter what the growth mechanism is. 
To the best of our knowledge, there was no report on the synthesis of Si3N4 
nanowires from the a-Si3N4 powder which was synthesized by low-temperature 
vapor-phase reaction method. The aim of this work is to establish the synthesis 
process of Si3N4 nanowires from a-Si3N4 powder and the growth mechanism. High-
quality nanowires without any impurities such as Si, SiC, C or metallic catalysts 
can be produced from the high-quality a-Si3N4 powder which was synthesized by 
low-temperature vapor-phase reaction method. Si3N4 nanowires were synthesized 
from the reaction of SiO with N2. To supply SiO vapor which is needed to grow 
nanowires, ammonia gas was introduced during the heat treatment of a-Si3N4 
powder. The SiO which was formed by the reduction of SiO2 on the surface of a-
Si3N4 powder, reacted with N2, which leads to the growth of Si3N4 nanowires. To 
understand the growth mechanism of nanowires from the a-Si3N4 powder, Fe or Ni 
as a catalyst was added to the a-Si3N4 powder. The growth of nanowires followed 
Vapor-Solid-Solid (VSS) mechanism. The Ni promoted the production of SiO, 
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which helped the synthesis of the nanowires at 1400 oC while it was produced at 
1550 oC without Ni catalyst.  
 

4.2 Experimental Procedure  
Si3N4 nanowires were synthesized from the amorphous Si3N4 (a-Si3N4) powder 
which was prepared by low temperature vapor-phase reaction method. The details 
of the process were previously reported.34 The reaction between SiCl4 and NH3 was 
conducted at room temperature, and the solid product (imide + NH4Cl by-product) 
went through a two-step thermal process to obtain the a-Si3N4 powder. The first 
thermal process to remove the NH4Cl was carried out at 500 °C for 2 h, which was 
followed by the second thermal process for the decomposition of diimide at 
1000 °C for 2 h. Two grams of the a-Si3N4 powder was loaded in a graphite 
crucible, and then heat treated in an alumina tube furnace under nitrogen or 
ammonia atmosphere at 1550 oC for 1 h. Fe (99%, Sigma-Aldrich) or Ni (99%, 
Sigma-Aldrich) was added to the a-Si3N4 powder, and the mixture was heat treated 
at 1400oC for 3 h or 1550 oC for 1 h under ammonia atmosphere.  
The prepared samples were characterized by X-ray diffraction (XRD; PANalytical, 
EMPYREAN), transmission electron microscopy (TEM; JEOL, JEM-2100F), N/O 
analysis (LECO, ONH836), and scanning electron microscopy (SEM; FEI, 
NanoSEM200). 
 



124 
 

4.3 Results and Discussion  
4.3.1 Characterization of Silicon Nitride Nanowires 
Si3N4 nanowires were synthesized from the amorphous Si3N4 (a-Si3N4) powder. 
The a-Si3N4 powder was heat-treated at 1550 oC for 1 h under 20% NH3/N2 
atmosphere. The XRD pattern of the nanowire is presented in Fig. 4-1. All the 
diffraction peaks could be indexed to the hexagonal α-Si3N4, which was consistent 
with the reported data (PDF 41-0360, a = 0.77541 nm and c = 0.56217 nm). The 
sharp peaks indicate that the nanowires are composed of highly crystallized 
hexagonal Si3N4 phase. The morphology of the Si3N4 nanowires was further 
investigated by SEM. The low-magnification SEM image in Fig. 4-1 shows the 
synthesized Si3N4 nanowires. The high-magnification SEM image shown in Fig. 4-
1 indicates that the surface of the nanowires is smooth and clean without any 
attached particles. The thickness of the nanowire is in the range of 200 ~ 300 nm 
with lengths of tens of micrometers. The tip of the nanowire has attracted much 
attention because it can give information on the growth mechanism of the 
nanowires. No liquid droplets were found on the tips of nanowires, suggesting that 
the nanowires in the present process were not grown by the VLS mechanism.31  
The structure of the Si3N4 nanowires was further investigated by HR-TEM. Typical 
HR-TEM images of single crystalline α-Si3N4 nanowires are shown in Fig. 4-3 and 
4-4. The clear lattice fringes show that the nanowires are highly crystallized. 
Moreover, lattice-fringe spacings of 0.67 nm and 0.56 nm conformed well to the 
(001) and (100) planes of α-Si3N4, respectively. The insets of Fig. 4-3 (a) and (b) 
show the corresponding SAED patterns, in which regularly separated diffraction 
spots also show the high crystallinity of the wires. The longitudinal direction of the 
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α-Si3N4 nanowires coincided with the [100] and [101] directions of the wire. This 
indicates that the crystal growth directions of α-Si3N4 nanowires are the [100] and 
[101]. In addition, a few nanowires were found to have stacking faults which are 
clearly shown in Fig. 4-4. Ming et al. reported that the changing gas composition 
around the growing whisker is responsible for the change of the morphology (i.e. 
from whisker to knuckle).35 Xu et al. found that plane defects and stacking faults 
were observed in the SiC nanowires during the solid-gas reaction of C and SiO.36 
In the present work the slight change of the gas composition around the growing 
nanowires can lead to the formation of stacking faults during the growth. Juntong 
et al. reported that stacking faults and misfit dislocations are responsible for the 
cathodoluminescence behavior of the α-Si3N4 nanobelts.19 Cathodoluminescent 
behavior (not measured in this work) which can be used in photoelectric 
nanodevices, can be expected to occur in the nanowires with stacking faults which 
were synthesized in the present work from the a-Si3N4 powder (Fig. 4-4).  
 

4.3.2 Effect of the Ammonia Concentration 
Si3N4 nanowires were synthesized from a-Si3N4 powder at 1550 oC for 1 h under 
different concentration of NH3/N2 atmosphere. For comparison, a-Si3N4 powder 
was heat-treated at 1550 oC for 1 h under N2 atmosphere. The SEM images of the 
samples shown in Fig. 4-5 indicate that the nanowires were not synthesized from 
the a-Si3N4 powder heat-treated under N2 and 1% NH3/N2 atmosphere. This result 
is consistent with the data reported in the literatures.26-28 Only few nanowires were 
synthesized from the a-Si3N4 powder heat-treated under 3% NH3/N2 atmosphere, 
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but mostly hexagonal rod-like particles were observed. Nanowires with few 
hexagonal rod-like particles were synthesized from a-Si3N4 powder at 1550 oC for 
1 h under 5% and 10% NH3/N2 atmosphere. The thickness of the nanowire was in 
the range of 200 ~ 300 nm with lengths of tens of micrometers, and no traces of 
liquid droplets were found on the tips of nanowires. Fig 4-5 (f) shows that 
nanowires without hexagonal rod-like particles were synthesized from the a-Si3N4 
powder at 1550 oC for 1 h under 20% NH3/N2 atmosphere. It was found from the 
results that the atmosphere during the heat treatment has a substantial effect on the 
growth of nanowires from the a-Si3N4 powder. There is a minimum concentration 
of ammonia which is needed for the nanowires to grow. No appreciable changes in 
the thickness and length of the nanowires were observed after heat treating at 1550 
oC for 1 h under 5%, 10% or 20% NH3/N2 atmosphere.  
 

4.3.3 Effect of the Fe or Ni Addition 
It is generally recognized that the nanowires are directly produced from liquid 
metallic droplets if metal catalysts are involved in the synthesis process. Fe and Ni 
are known to be effective catalysts for the growth of Si3N4 nanowires from the 
pyrolysis of polymeric precursor or CVD method.18,19,37 To investigate the growth 
mechanism from the a-Si3N4 powder, 1wt% of Fe or Ni was added to the a-Si3N4 
powder and the mixture was heat-treated at 1400 oC for 3 h or 1550 oC for 1 h 
under 20%NH3/N2 atmosphere, and the SEM images of the samples are shown in 
Fig. 4-6 and 4-7. Fig. 4-6 shows the SEM images of nanowires obtained from a-
Si3N4 powder with Fe which was heat-treated under 20%NH3/N2 atmosphere at (a) 



127 
 

1400 oC for 3 h and (b) 1550 oC for 1 h. Fig. 4-7 shows the SEM images of 
nanowires obtained from a-Si3N4 powder with Ni heat-treated under 20%NH3/N2 
atmosphere at (a) 1400 oC for 3 h and (b) 1550 oC for 1 h. Fig. 4-6 (c) and Fig. 4-7 
(c) show high-magnification SEM images of the nanowires with Fe and Ni, 
respectively, which were heat-treated at 1550 oC for 1 h. Particles with spherical 
shape which is similar to the shape of the a-Si3N4 powder, were observed in the 
nanowires obtained from a-Si3N4 powder with Fe heat-treated at 1400 oC for 3 h 
under 20%NH3/N2 atmosphere (Fig. 4-6 (a)). The a-Si3N4 powder with Fe was 
transformed to nanowires at 1550 oC for 1 h (Fig. 4-6 (b)) while the powder with 
Ni was transformed to nanowires at 1400 oC for 3 h under 20%NH3/N2 atmosphere 
(Fig. 4-7 (a)). The growth temperature was lowered when Ni was added to the a-
Si3N4 powder. Traces of liquid metallic droplets in the nanowires grown from a-
Si3N4 powder with Fe or Ni were not observed, which indicates that the growth of 
nanowires from a-Si3N4 powder with Fe or Ni catalyst does not follow VLS 
mechanism.   
 

4.3.4 Growth Mechanism  
The basic reactions involved in the formation of Si3N4 nanowires are given via the 
following reactions. 
 
SiO2(s)  +  C(s)    SiO(g)  +  CO(g)  (4-1) 
6SiO(g)  +  4N2(g)    2Si3N4(nw)  +  3O2(g)  (4-2) 
3SiO(g)  +  3C(s)  +  2N2(g)    Si3N4(nw)  +  3CO(g)  (4-3)  
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SiO is produced from the reduction of SiO2 by C, and it reacts with N2 to form 
Si3N4 nanowires.35,38-40 From the reactions above, it is obvious that SiO plays an 
important role in the growing of Si3N4 nanowires. In the present work, SiO was 
produced from the reduction of SiO2 on the surface of a-Si3N4 powder and Si3N4 
nanowires were formed from the reaction between SiO and N2. Fig. 4-8 shows the 
SEM images and EDS results of Si3N4 nanowires grown at 1550 oC for 1 h at 
10%NH3/N2 atmosphere. Not only nanowires but also particles were observed. 
EDX results indicate that oxygen remained on the surface of the particle in Fig. 4-8 
(b) while oxygen was not observed on the surface of nanowire in Fig. 4-8 (a). The 
SiO which was formed by the reduction of SiO2 on the surface of a-Si3N4 powder, 
reacted with N2, which leads to the growth of Si3N4 nanowires (reaction No. (4-2)). 
Gardner41 and Han et al.42 have reported that SiO was produced from the reduction 
of SiO2 by H2 at the temperature range from 1115oC to 1630oC. In the present work, 
ammonia is decomposed to N2 and H2, and the produced H2 leads to the reduction 
reaction of SiO2 to SiO. The formation of the nanowires proceeds via the following 
reaction.  
 
3SiO2(s)  +  4NH3(g)    Si3N4(nw)  +  2N2(g)  +  4H2O(g)  (4-4) 
 
We have investigated the oxygen contents of nanowires which were measured by 
N/O analyzer as the concentration of NH3 changes, and the results are shown in Fig. 
4-9. Oxygen content, was decreased when the concentration of ammonia was 
increased during the heat-treatment at 1550 oC for 1 h. Remarkable decrease of 
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oxygen content was observed when the a-Si3N4 powder was heat-treated at 1550 oC 
for 1 h under 5% NH3/N2 atmosphere. Further decrease of oxygen content was not 
observed when the a-Si3N4 powder was heat-treated at 1550 oC for 1 h under 10% 
or 20% NH3/N2 atmosphere. As shown in Fig. 4-5, nanowires were synthesized 
when the ammonia content  was more than 5%, which is the content of ammonia 
where a rapid decrease of oxygen content was measured (Fig. 4-9). Ammonia as a 
reducing agent can affect the reduction of SiO2 to SiO, and the SiO can react with 
N2 which can lead to the growth of nanowires. Yin et al. have reported that Si3N4 
nanowires were synthesized from the SiO powder under NH3 atmosphere and the 
growth follows the VS mechanism.20 The result of the present work is consistent 
with the literature.20 There is a minimum concentration of ammonia which is 
needed for the nanowires to grow. The concentration of ammonia of less than 5% is 
not large enough for the reduction of SiO2, which is needed for the growth of 
nanowires. Careful investigation of TEM results of the tips of nanowires was 
carried out, and the results are shown in Fig. 4-10. Any traces of liquid droplets 
were not observed on the tips of nanowires, which indicates that the growth of 
nanowires does not follow VLS mechanism. Even when any catalyst such as Fe or 
Ni was added to the a-Si3N4 powder, the traces of liquid droplets such as Fe-Si-N 
or Ni-Si-N were not observed. The absence of catalyst-containing particles at the 
tips of the nanowires indicates that the growth of nanowires was not dominated by 
the well-established VLS mechanism. The reduction of SiO2 to SiO by ammonia 
was promoted by the presence of Ni catalyst, and so the growth was observed at 
lower temperature when Ni was added to the a-Si3N4 power than when Fe was 
added. Fig. 4-11 shows a schematic of growth mechanism which we propose. The 
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nucleation of nanowire occurs on the surface of a-Si3N4 powder which is covered 
by a thin layer of SiO2. The Si and N atoms of the surface of the amorphous 
powder move to the nanowire seed formed from the reaction between SiO and N2, 
and the nanowires grow from the re-arrangement of Si and N atoms of the a-Si3N4 
powder. The difference between the surface energy of nanowires and powders can 
accelerate the growth of nanowires. The formation of nanowire seed follows VS 
mechanism, and the growth of nanowires is dominated by the solid phase diffusion 
of Si and N atoms. Growth of nanowires from the seed which is formed on the a-
Si3N4 powder under NH3 atmosphere follows VSS mechanism, and the crystal 
growth of α-Si3N4 nanowires occurs along the [100] and [101] direction. It is 
believed that the morphologies of 1D structure are dominated by the combined 
effect of surface energy and growth kinetics.43 Liu et al. have reported that the 
calculated surface energy (δ) of three low-index planes of Si3N4 follow the order: 
δ(100) > δ(001) > δ(101).18 Higher-energy planes constantly grow with the 
sufficient supply of raw materials, whereas lower-energy planes slowly grow with 
insufficient supply of raw materials due to their smaller surface energies. This 
indicates that nanowires tend to grow along the [100] direction. In the present study, 
nanowires were observed to grow along the [101] direction as well, in addition to 
the [100]. Detailed understanding of the growth kinetics which includes the effect 
of growth temperature and flow stream parameter on the growth is needed to 
explain the growth of the nanowires in two different directions.  
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4.4 Conclusions 
The amorphous Si3N4 (a-Si3N4) powder which was synthesized by low-temperature 
vapor-phase reaction method was used to synthesize highly crystallized Si3N4 
nanowires using heat-treating under ammonia atmosphere. It was the purpose of 
this work to establish the synthesis process of Si3N4 nanowires from a-Si3N4 
powder and the growth mechanism. In order to supply SiO which is needed to 
grow nanowires, ammonia gas was introduced during the heat treatment of a-Si3N4 
powder. The SiO which was formed by the reduction of SiO2 on the surface of a-
Si3N4 powder, reacted with N2, which leads to the growth of Si3N4 nanowires. 
There is a minimum concentration of ammonia which is needed for the nanowires 
to grow, which is ~ 5%. The nucleation of nanowire occurs on the surface of a-
Si3N4 powder which is covered by a thin layer of SiO2. The Si and N atoms of the 
surface of the amorphous powder move to the nanowire seed formed from the 
reaction between SiO and N2, and the nanowires grow from the re-arrangement of 
Si and N atoms of the a-Si3N4 powder. Growth of nanowires from the seed which is 
formed on the a-Si3N4 powder under NH3 atmosphere follows VSS mechanism, 
and the crystal growth of α-Si3N4 nanowires occurs along the [100] and [101] 
direction. The reduction of SiO2 to SiO by ammonia was promoted by the presence 
of Ni catalyst, and so the growth was observed at lower temperature when Ni was 
added to the a-Si3N4 power than when Fe was added. The process parameter to 
synthesize Si3N4 nanowires from a-Si3N4 powder synthesized by low-temperature 
vapor-phase reaction method was optimized, and its growth mechanism was 
investigated.  
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Fig. 4-1. XRD pattern of the Si3N4 nanowires heat-treated at 1550 oC for 1 h under 

20% NH3/N2 atmosphere. 
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Fig. 4-2. SEM images of the Si3N4 nanowires heat-treated at 1550 oC for 1 h under 
20% NH3/N2 atmosphere: (a) Low-magnification and (b) high-magnification SEM 

images of the sample. 
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Fig. 4-3. TEM images of the Si3N4 nanowires heat-treated for 1 h at 1550 oC under 
20%  NH3/N2 atmosphere: (a) and (c)  are typical TEM, and (b) and (d) are HR-

TEM images of the sample. Insets are SAED patterns corresponding to single 
crystalline α-Si3N4, indicating that the nanowires were growing along the (a) [100] 

direction and (c) [101] direction. 
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Fig. 4-4. TEM images of the Si3N4 nanowires heat-treated for 1 h at 1550 oC under 
20%  NH3/N2 atmosphere: (a) a typical TEM image of the sample and (b) an HR-

TEM image of the stacking fault of the sample. 
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Fig. 4-5. SEM images of silicon nitride powders and nanowires: the samples were 

heat-treated at 1550 oC for 1 h under (a) N2, (b) 1% NH3/N2, (c) 3% NH3/N2, (d) 5% 
NH3/N2, (e) 10% NH3/N2 and (f) 20% NH3/N2 atmosphere. 
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Fig. 4-6. SEM images of nanowires obtained from a-Si3N4 powder with Fe which 

was heat-treated under 20%NH3/N2 atmosphere at (a) 1400 oC for 3 h and (b) 1550 
oC for 1 h. (c) high-magnification SEM image of the nanowire heat-treated at 1550 

oC for 1 h. 
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Fig. 4-7. SEM images of nanowires obtained from a-Si3N4 powder with Ni which 

was heat-treated under 20%NH3/N2 atmosphere at (a) 1400 oC for 3 h and (b) 1550 
oC for 1 h. (c) high-magnification SEM image of the nanowire heat-treated at 1550 

oC for 1 h. 
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Fig. 4-8. SEM images and corresponding EDX spectrums of silicon nitride 

nanowires heat treated at 1550 oC for 1 h under 10% NH3/N2 atmosphere: (a) 
nanowires and (b) rod like particles and nanowires. Insets are the elemental 

analysis results of EDX. 
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Fig. 4-9. Oxygen contents of Si3N4 nanowires heat treated at 1550 oC for 1 h under 

various NH3 concentrations measured by N/O analyzer (LECO, ONH836). 
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Fig. 4-10. TEM images of Si3N4 nanowires heat-treated at 1550 oC for 1 h under 20% 

NH3/N2 atmosphere. 
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Fig. 4-11. A schematic of nanowire growth mechanism - VSS(Vapor-Solid-Solid) 

mechanism: (a) reduction of SiO2 to SiO on the surface of a-Si3N4 powder by NH3, 
(b) reaction of SiO and N2, (c) formation of Si3N4 nanowire seeds, and (d) growth 

of Si3N4 nanowires from re-arrangement of Si and N atom. 
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Chapter 5. Industrial Application 
  

5.1 Introduction 
Multicrystalline (multi) silicon is the most widely used material in the solar cell 
industry, accounting for 50% of the global solar cell market.[1] Cell 
manufacturers must decrease manufacturing costs, and improve solar cell 
performances to be competitive. Silicon nitride (Si3N4) coated crucibles for 
directional solidification are a promising alternative to silica (SiO2) crucibles. The 
use of Si3N4 coated-crucibles has two main advantages: (i) the reusability of the 
crucible for several castings and (ii) potentially very low oxygen content in the 
solidified ingots. Si3N4 is a well-known material for high temperature applications 
owing to its tolerance for thermal shocks and chemical stability. [2] Hence, its 
application as a crucible material for multi-Si ingots casting can overcome the 
single-run limitation related to the use of SiO2 crucibles. Silica crucibles undergo 
phase transformation from quartz (higher density) to cristobalite (lower density) 
during the melting of the Si charge. During the post solidification cooling, the 
crucibles recrystallize into quartz, and the resulting stresses lead to crucible 
fracture. Therefore the cost of multi-Si ingots can be appreciably decreased by 
replacing a single-use silica crucible with a reusable silicon nitride coated crucible. 
Moreover, diffusion of oxygen into the melt from the silica crucible walls and the 
silicon nitride coating layer has been reported as a relevant source of oxygen 
contamination in the solidified ingot.[3–5] Hence, using a silicon nitride based 
crucible for casting of multi-Si ingots allows eliminating one source of 
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contamination for the silicon melt, and thus it offers the potential to solidify multi-
Si ingots with very low oxygen concentrations. A novel technique to produce 
crucibles of silicon nitride has been developed.[6] In this study, for the 
solidification furnace, numerical and experimental investigations of such crucibles 
reported by Bellmann et al. were followed.[7] They suggested increasing the 
furnace temperature by 20 K during melting to counterbalance the higher heat loss 
through the bottom owing to higher heat conductivity of the silicon nitride coated 
crucibles compared to silica crucibles. In this study, Si3N4 powder synthesized by 
low-temperature vapor-phase reaction was coated on the 5G (W880 mm  D880 
mm x H420 mm) SiO2 crucibles, and the synthesized Si3N4 coated-crucible was 
used to directionally solidify multi-Si ingots for solar cells. The thickness and 
uniformity of the coating layer were measured. The effect of coating layer on the 
ingot properties are presented and compared to those of the reference ingots cast in 
commercial crucibles, under standard solidification parameters. 
 

5.2 Experimental Procedure 
5.2.1 Si3N4 Powder Coating  
Si3N4 powder (α-phase: 100%, O content: 0.78%, metal impurities: <140 ppm, 
average particle size: 1.65 μm) synthesized by low-temperature vapor-phase 
reaction was coated on the 5G (W880 mm  D880 mm  H420 mm) SiO2 
crucibles by automatic coating process shown in Fig. 5-1. 700 g of Si3N4 powder 
was mixed in 2300 g of water. The resulting mixture was sprayed on the crucible 
with the flow rate of 36 g/min. For the first coating of 20th layer, the coating layer 
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was dried for 30 min at room temperature. After coating the 20th layer, the coating 
layer was dried for 10 min per every coating of 10th layer until the mixture was 
consumed completely. The coated crucible was dried at room temperature for 7 
days and then was heated at 1100 C for 5 h at a heating rate of 73 C/h. The 
thickness and uniformity of coating layer were measured by the depth gage.  
 
5.2.2 Polysilicon Ingot Growing 
400 kg of polysilicon was charged in the synthesized Si3N4 coated-crucible. The 
polysilicon was melted for 12 h and stabilized for 2 h, followed by growing and 
then cooling for 35 and 12 h, respectively. The process is presented in Fig. 5-2. 
After ingot growing, the crucible was removed from the ingot. The ingot was cut 
into 25 bricks. Then, every brick was inspected to check the presence of crack or 
inclusion by IR spectroscopy. Crack free brick was sliced into slugs to investigate 
minority carrier lifetime (WT-2000PVN), resistivity (WT-2000PVN), Oi, and Cs 
contents (FT-IR, QS-1200), and metal impurities (ICP-OES).  
 
5.2.3 Si3N4 sintering 
Sintering aids such as 5 wt% Y2O3, 2 wt% MgO, and 1 wt% La2O3 were added to 
the amorphous Si3N4 powder. The mixture was ball milled in ethanol for 24 h. 2.5 
wt% PVA and 2.5 wt% PEG were added to the mixture as a binder. The ball-milled 
mixture was dried at 70 C for overnight. The starting material was pelletized by 
uniaxial press and cold isotropic press. The green body was heated at various 
temperatures under nitrogen atmosphere at 0.1 Mpa. The density and 
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microstructure of the sintered body were measured. For comparison, Ube E10 
powder was sintered under the same conditions as explained above. 
 

5.3 Results and Discussion  
5.3.1 Si3N4 Powder Coating 
The thickness of the coating layer was measured at the 100 points of the coating 
layer of inside of the crucible. The average thickness and standard deviation were 
calculated. Uniformity was calculated by standard deviation. The crack free ratio 
was calculated by the summation of the cracks existed at each points. The 
measured points and the results are presented in Fig. 5-3. The average thickness of 
coating layer was 257 μm, whereas the thickness of commercial crucible was 150 
μm. Uniformity was 27.15%, and cracks were not observed. When the coated 
crucible is used for multi-Si ingot, it will more protect the ingot from the 
contamination of oxygen and impurities from SiO2 crucible than when commercial 
crucible is used because of thicker coating layer. 
 

5.3.2 Polysilicon Ingot Growing 
Multi-Si ingot was grown from the synthesized Si3N4 coated-crucible, and the 
results of quality assessment are presented in Table 5-1. The crucible was removed 
from the ingot, and the surface of the ingot was investigated by naked eyes whether 
coating layer was remained on it. The surface was clean, and any crack was not 
observed. The ingot was cut into 25 bricks, and the inside crack and inclusion in 
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each brick were investigated by IR spectroscopy. Any crack or inclusion was not 
observed in the 25 bricks. The brick was sliced into slugs, and the slugs were 
collected from the top, middle, and bottom of the brick to carry out MCLT, 
resistivity, Oi & Cs, and metal impurities. The average MCLT and resistivity of the 
slugs were 3.9 μs and 4.4 Ω·s, respectively, whereas the slugs grown from 
commercial crucible showed the average MCLT and resistivity of 4.2 μs and 4.7 
Ω·s, respectively. The contents of O, C, and metal impurities were 4.4, 1.1, and 7.3 
ppm, respectively, whereas the slugs grown from commercial crucible contained 
4.4 ppm of O, 1.1 ppm of C, and 7.3 ppm of metal impurities. Those results 
indicate that the performance of Si3N4 coated crucible was almost similar to the 
commercial one.    
 

5.3.3 Si3N4 sintering 
The density and microstructure of the sintered body were measured, and the results 
are presented in Figs. 5-5 and 5-6, respectively. Pressureless sintering of the 
synthesized powder showed 99% sintering density at 1650 °C, whereas Ube E10 
powder showed 96% sintering density. Sintering onset temperature was lower 
compared to UBE powder. The synthesized powder showed different 
microstructures, which need to be modified.  
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5.4 Conclusions 
The Si3N4 powder synthesized by low-temperature vapor-phase reaction was 
coated on the 5G crucible for multi-Si ingot. Multi-Si ingot was grown from the 
synthesized Si3N4 powder coated-crucible. The quality of the coating layer was 
investigated. The thickness of the coating layer was 257 μm with a uniformity of 
27.15%. The inside crack and inclusion were not observed in the 25 bricks. The 
average MCLT and resistivity of the slugs were 3.9 μs and 4.4 Ω·s, respectively. 
The contents of O, C, and metal impurities were 4.4, 1.1, and 7.3 ppm, respectively. 
Those results indicate that the performance of synthesized Si3N4 coated-crucible 
was almost similar to the commercial one. To apply for the structural ceramics, 
pressureless sintering of the synthesized powder was carried out. The density and 
microstructure of the sintered body were measured, and the results were compared 
to the sintered body from Ube E10 powder. Pressureless sintering of the 
synthesized powder showed 99% sintering density at 1650 °C, whereas Ube E10 
powder showed 96% sintering density. The density of the synthesized power was 
higher than that of Ube E10 powder. The Si3N4 powder synthesized by low-
temperature vapor-phase reaction will be a good candidate for the coating and the 
structural ceramics materials.  
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Fig. 5-1. Automatic coating process 

 
 
 

  



153 
 

 
Fig. 5-2. Polysilicon ingot growing process 
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Fig. 5-3. Coating results 
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Fig. 5-4. Preparation process of slug 
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Fig. 5-5. Density of the sintered body from synthesized powder and Ube E10 

powder 
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Fig. 5-6. Microstructure of the sintered body from synthesized powder and Ube 

E10 powder 
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Table 5-1 Result of quality assessment of ingot  

Analysis Unit 
Commercial 
crucible 

Si3N4 coated 
crucible 

Comparison 

Exfoliation - Good Good Good 
MCLT μs 4.2 3.9 Better 
Resistivity Ω·cm 4.7 4.4 Good 
Oi/Cs ppm 5.7/1.5 4.4/1.1 Better 
Crack-free % 100 100 Good 
Metal 
Impurities 

ppb 7.3 7.3 Good 
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Chapter 6. Summary 
 
In this study, the synthesis and decomposition temperatures of Si(NH)2 were 
studied to investigate the reaction phenomena and parameters of low-temperature 
vapor-phase reaction for the synthesis of Si(NH)2. In addition, the effects of the 
flow rates of the reactants and the carrier gas on the particle size, the reaction 
temperature, and the yield were investigated. The reaction product was grown on 
the nozzle, because the reaction zone was formed near the nozzle. The convection 
caused by the heat of reaction played an important role of product growing 
phenomena. The down-top flow reaction was the best way to prevent product from 
the deposition. The concentration of the reactant affected the particle size of the 
product. No reaction was observed at temperatures 200 C because of the 
decomposition of Si(NH)2. The reaction temperature increased as the reactant flow 
rates increased because of the exothermic nature of the reaction, thus lowering the 
yield. The reaction yield decreased with increasing Ar flow rate; this process can be 
used to cool the reactor. The flow rates of SiCl4, NH3, and Ar were increased to 48, 
1000, and 1000 mL min-1, respectively, for the optimization, affording 87% yield in 
the reactor used in this study (D100 mm  H500 mm, 4L).  
Amorphous silicon nitride powder was heated at various temperatures for different 
periods of time to examine the crystallization behavior. The effects of the heat-up 
rate on the particle size, and its distribution, of the α-phase silicon nitride powder 
were investigated. The phase transition from amorphous to α-phase occurred at 
temperatures 1400 °C. The crystallization process completed after heat treatment 
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at 1500 °C for 3 h or at 1550 °C for 1 h. The crystallization process starts at the 
surface of the amorphous particles, the outer regions of the particles become 
crystalline, whereas the inner part remains amorphous. The re-arrangement of the 
Si and N atoms on the surface of the amorphous particle leads to the formation of 
hexagonal crystal structures separated from the host amorphous particles. The 
nucleation occurred at temperatures 1400 °C. 
The particle size and distribution was tuned by varying the heat-treatment profile 
(namely, the heat-treatment temperature, heating rate, and heating duration at the 
specified treatment temperature), which can be used to control the relative extent of 
nucleation and growth. The completion of most of the nucleation by lowering the 
heat-up rate was used to achieve a singlet particle size distribution. Conversely, a 
bi-modal particle size distribution was achieved by adopting a fast heat-up rate 
during the crystallization process. The amorphous Si3N4 (a-Si3N4) powder 
synthesized by low-temperature vapor-phase reaction method was used to 
synthesize highly crystallized Si3N4 nanowires by heating under ammonia 
atmosphere. The synthesis process of Si3N4 nanowires from a-Si3N4 powder and 
the growth mechanism were established. To supply SiO needed to grow nanowires, 
ammonia gas was introduced during the heat treatment of a-Si3N4 powder. The SiO 
formed by the reduction of SiO2 on the surface of a-Si3N4 powder reacted with N2, 
leading to the growth of Si3N4 nanowires. A minimum concentration of ammonia 
(~5%) was required for the growth of nanowires. The nucleation of nanowire 
occurs on the surface of a-Si3N4 powder covered by a thin layer of SiO2. The Si and 
N atoms of the surface of the amorphous powder move to the nanowire seed 
formed from the reaction between SiO and N2, and the nanowires grow from the re-
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arrangement of Si and N atoms of a-Si3N4 powder. The growth of nanowires from 
the seed formed on the a-Si3N4 powder under NH3 atmosphere followed the VSS 
mechanism, and the crystal growth of α-Si3N4 nanowires occurred along the [100] 
and [101] directions. The reduction of SiO2 to SiO by ammonia was promoted in 
the presence of Ni catalyst, and the growth was observed at lower temperature 
when Ni was added to the a-Si3N4 power. The process parameters to synthesize 
Si3N4 nanowires from a-Si3N4 powder synthesized by low-temperature vapor-phase 
reaction method were optimized, and its growth mechanism was investigated. The 
Si3N4 powder synthesized by low-temperature vapor-phase reaction was coated on 
the 5G crucible for multi-Si ingot. Multi-Si ingot was grown from the synthesized 
Si3N4 powder coated-crucible. The quality of the coating layer was assessed. The 
thickness of the coating layer was 257 μm with a uniformity of 27.15%. The inside 
crack and inclusion were not observed in the 25 bricks. The average MCLT and 
resistivity of the slugs were 3.9 μs and 4.4 Ω·s, respectively. The contents of O, C, 
and metal impurities were 4.4, 1.1, and 7.3 ppm, respectively. These results 
indicate that the performance of synthesized Si3N4 coated-crucible was almost 
similar to the commercial one. To apply for the structural ceramics, pressureless 
sintering of the synthesized powder was carried out. The density and 
microstructure of the sintered body were measured, and the results were compared 
to the sintered body from Ube E10 powder. Pressureless sintering of the 
synthesized powder showed 99% sintering density at 1650 °C, whereas Ube E10 
powder showed 96% sintering density. The density of the synthesized power was 
higher than that of Ube E10 powder. We believe that Si3N4 powder synthesized by 
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low-temperature vapor-phase reaction would be a good candidate for the coating 
and structural ceramics materials.  
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Fig. 6-1 Summary of Si3N4 powder production and application  
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Fig. 6-2 Scheme of Si3N4 powder production and application 
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초록 
 
극한의 조건에서 상업적으로 사용되는 대부분의 질화규소 분말은 이미드 
열분해법에 의해 생산되고 있다. 이미드는 -50oC ~ 0oC 에서 솔벤트를 
사용하는 액상 반응에 의해 합성된다. 이 공정은 에너지를 많이 
소비하는 단점이 있다. 에너지 소비가 적은 방법 중 질화규소 분말을 
합성하기에 적합한 방법은 원료인 SiCl4와 NH3를 기상에서 반응하여 
질화규소를 제조하는 방법이다. 본 연구에서는 이미드를 합성하기 
위하여 도입된 새로운 방법인 저온기상합성법에 대한 연구를 진행하였다. 
저온기상합성 공정 변수를 파악하고 최적화 하는 연구를 수행하였다. 
상온에서 반응을 진행하였고, 원료는 반응기 하부에서 상부 방향으로 
분사되도록 하였고, 고체 생성물은 반응기 하부에 쌓일 수 있도록 
반응기를 설계하였다. 반응 생성물인 이미드는 TG 분석결과 150oC 
이상에서 완전히 분해되는 것으로 나타났다. 발열반응으로 인하여 반응 
온도는 반응물의 유량을 증가할수록 증가하였고, 케리어 가스의 유량을 
증가할수록 감소하는 것으로 나타났다. 반응 수율은 케리어 가스의 
유량을 증가할수록 감소하였고, 87%의 반응 수율을 얻을 수 있도록 반응 
조건을 최적화 하였다.  
저온기상합성법에 의해 합성된 무정형 질화규소를 다양한 온도에서 
다양한 시간동안 열처리 하여 결정화 거동에 대한 연구를 진행하였다. 
열처리 온도와 시간이 결정화도에 미치는 영향과, 승온속도가 
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입자크기와 입자크기분포에 미치는 영향에 대해서 고찰하였다. 
무정형에서 알파상으로의 상전이는 1400oC 이상에서 나타났다. 1500oC 
에서 3시간동안 열처리를 하거나, 1550oC에서 1시간 동안 열처리를 할 
경우 완전하게 결정화가 진행되었다. 무정형 질화규소 입자의 
표면에서부터 결정화가 진행되었고, 실리콘과 질소 원소들의 재배열에 
의해 헥사고날 구조를 보이는 알파상 질화규소로 결정이 성장하였다. 
입자 크기분포는 승온속도에 영향을 받았다. 승온속도가 낮은 
조건에서는 핵생성 속도가 빠른 온도구간에서 충분한 열처리에 의해 
핵이 균일하게 발생하였고, 생성된 핵이 모두 균일하게 결정 성장하여 
입자 크기 분포가 균일하였으며, 승온속도가 빠른 조건에서는 핵생성 
속도가 빠른 온도구간에서 충분하게 열처리가 되지 않아 균일하게 
핵생성이 되지 못하였고, 결정화 속도가 빠른 온도구간에서 핵생성과 
결정 성장이 동시에 발생하게 되어 상대적으로 입자 크기가 분균일하게 
결정이 성장하였다.  
분위기 가스가 결정 성장에 미치는 영향을 파악하고자 암모니아 가스 
분위기에서 열처리를 하였고, 그 결과 무정형 질화규소가 알파상 
질화규소 나노와이어로 상전이 되었음을 관찰하였다. 두께가 200 ~ 300 
nm, 길이가 수십 마이크로미터, [100], [101] 방향으로 성장한 질화규소 
나노와이어가 합성되었다. XRD, TEM, SEM/EDS, N/O 분석을 통해 
나노와이어 성장 메커니즘을 규명하였다. 무정형 질화규소 표면에 
존해하는 SiO2 층이 암모니아 가스와 반응하여 SiO를 생성하였고, 
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생성된 SiO가 N2와 반응하여 Si3N4 나노와이어로 성장하였다. SiO와 N2 
반응에 의해 생성된 질화규소 나노와이어는 무정형 질화규소 
표면에서부터 합성되었고, 무정형 질화규소의 실리콘과 질소 원소의 
재배열에 의해 나노와이어가 성장하였다. 이를 기체-고체-고체 성장 
메커니즘으로 명명하였다. 니켈 촉매를 첨가할 경우 SiO2와 NH3가 
반응하여 SiO가 생성되는 환원 반응의 촉매 역할을 하여 반응온도가 
낮아지는 효과를 관찰하였다 
저온기상합성법에 의해 합성된 질화규소의 상업적 이용을 위해 분말의 
소결 특성을 파악하였고, 태양전지 제조를 위한 다결정 실리콘 잉곳 
제조용 도가니 내벽에 코팅하여 코팅 특성을 파악하였다. 코팅 결과 257 
μm 두께의 27.15% 균일도를 보이는 코팅층이 형성되었고, 이를 실리콘 
잉곳을 성장시켜 제조한 웨이퍼의 성능을 평가함으로써 코팅제로써의 
영향을 파악하였다. 웨이퍼의 특성 평가 결과 MCLT 3.9 μs, 비저항 4.4 
Ω·s, 산소함량 4.4 ppm, 탄소함량 1.1 ppm, 금속 불순물 7.3 ppm으로 
나타났다. 이는 상업적으로 사용되는 상용 도가니에서 성장한 잉곳의 
웨이퍼 성능과 유사한 것으로 나타났다.  
질화규소 분말의 소결 특성을 파악하고자 상압소결을 하였고, 이를 우베 
E10분말과 비교 평가를 하였다. 그 결과 1650oC에서 밀도 99%를 
보였으며 이는 우베 E10 분말의 밀도가 96% 보다 높은 것으로 나타났다. 
코팅제로써의 성능 평가 결과와 소결후 밀도 측정 결과로부터 본 연구를 
통해 합성된 질화규소를 상업적으로 적용이 가능 할 것으로 사료된다. 
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