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Preparation of silicon carbide powders by 
chemical vapour deposition of the SiH4-CH4-H 2 
system 

L I D O N G  CHEN, T A K A S H I  GOTO, T O S H I O  HIRAI  
Institute for Materials Research, Tohoku University, Sendai 980, Japan 

Chemical vapour deposition (CVD) of the Sill 4 + OH 4 + H 2 system was applied to synthesize 
/?-silicon carbide powders in the temperature range 1523 to 1673 K. The powders obtained at 
1673 K were single-phase/?-SIC containing neither free silicon nor free carbon. The powders 
obtained below 1623 K were composite powders containing free silicon. The carburization 
ratio (SiC/(SiC + Si)) increased with increasing reaction temperature and total gas f low rate, 
and with decreasing reactant concentration. The average particle sizes measured by TEM 
ranged from 46 to 114nm. The particle size increased with the reaction temperature and gas 
concentration but decreased with gas f low rate. The/?-SIC particles obtained below 1623 K 
consisted of a silicon core and a/?-SIC shell, as opposed to the/?-SIC particles obtained at 
1673 K which were hollow. Infrared absorption peaks were observed at 940 and 810cm 1 for 
particles containing a silicon core; whereas a single peak at about 830cm 1 with a shoulder at 
about 930cm 1 was observed for the/?-SIC hollow particles. The lattice parameter of/?-SIC 
having a carburization ratio lower than 70wt%,  was larger than that of bulk/?-SIC and 
decreased with the increasing carburization ratio. However, when the carburization ratio 
exceeded 70wt%, the lattice parameter became approximately equal to that of bulk/?-SIC. 

1. Introduct ion  
High-density silicon carbide (SIC) sintered bodies are 
widely utilized for high-temperature structural and 
electronic materials. Furthermore, porous silicon car- 
bide prepared by intentionally introducing pores in 
the sintered body shows good machinability [1], high 
thermal shock resistance and high efficiency for ther- 
moelectric power [2]. These characteristics make it a 
promising new material. Several nano-composites, 
having dispersions of approximately nanometre size in 
the SiC matrix, have been synthesized [3]. Many 
attractive properties have been discovered in these 
composites [3]. An attempt has been made to increase 
the heat-insulation characteristics of  SiC by intro- 
ducing nanometre-size pores in the SiC body [4]. This 
material is also a nano-composite. Hollow SiC par- 
ticles are a promising starting material in order to 
produce an SiC sintered body containing nano-pores. 
In the present study, the hollow fl-SiC particles were 
prepared by chemical vapour deposition (CVD) using 
gill  4 Jr- CH 4 Jr- H2 as source gases. The effects of 
reaction conditions on the structures of the particles 
were investigated. 

2. Experimental procedure 
The vapour-phase reaction was carried out in a flow- 
type reactor at a total gas pressure (Pto~) of 0.1 MPa. 
The schematic diagram of the apparatus for synthesiz- 
ing powders is shown in Fig. 1. The reaction chamber 
consisted of a reaction-sintered (RS) SiC tube placed 
within a mullite tube which was positioned in a resis- 
tance furnace. The reactant gases were introduced into 
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the reaction chamber through stainless steel nozzles. 
The product powders were collected in a flask having 
a 65 mesh brass filter. C H  4 (99.99%) and H2 (99.999%) 
gases along with a gas mixture o f H  2 + 10.0vol % Sill 4 
(99.9999%) were used as source gases. Reaction tem- 
peratures ranged from 1523 to 1673 K. The prepara- 
tion experiments were carried out at total gas flow 
rates (FR) of 1.8 • 10 5 and 2.7 x 10 5m3sec -~ 
and at Sill 4 concentrations of 2 and 3.6 mol %. The 
[SiHe]/[CH4] mole ratio was fixed at 0.5. The prepara- 
tion conditions are summarized in Table I. 

The shape and structure of resulting particles 
were observed by transmission electron microscopy 
(TEM) (JEOL: JEM-2000EX). The specific surface 
area was determined by three point BET method using 
a sorptograph (Shimadzu: ADS-1B). The powder den- 
sity was measured by pycnometry using toluene. The 
infrared absorption spectra (IR) were obtained by the 
KBr pellet method using spectrophotometer (Japan 
Spectroscopic: IR-G) at wavenumbers from 400 to 
4000cm ~. The crystal phases and the lattice par- 
ameter were determined by X-ray diffractometry 
(Rigaku: RAD-IIB, nickel-filtered CuKc 0. The SiC/ 
(SiC + Si) content ratio, (carburization ratio, wt %) 
was estimated from the X-ray diffraction intensity of 
(1 1 1) peaks of  fl-SiC and silicon phases. 

3. Results and discussion 
3.1. Formation and composition of SiC 

particles 
From the results of the X-ray diffraction analyses the 
powder obtained at 1673 K was identified as single- 
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phase fi-SiC. Both /?-SIC and silicon-phases were 
present below 1623 K at each reactant concentra t ion 
and gas flow rate. The SiC powder  yield, calculated 
from the input of  Sill4 source, increased from 5 to 
41% with the increase o f  reaction temperature and 
total gas flow rate. The powders  of  the single phase 
SiC, free of  excess silicon, were grey in colour. The 
colour  changed from grey to yellow to brown as the 
excess silicon content  increased. 

Fig. 2 shows the effect o f  the reaction temperature 
on the carburizat ion ratio. F r o m  Fig. 2, at a constant  
concentra t ion of  Sill4 and CH4, the carburizat ion 
ratio increases with the increase of  reaction tempera- 
ture and total gas flow rate; while at a constant  gas 
flow rate, the carburizat ion ratio increases with 
decrease o f  the Sill  4 and CU 4 reactant  concentrat ion.  
Table II  summarizes the carburizat ion ratio, SiC yield 
and colour  o f  the powders. 

Fig. 3 shows the C V D  phase diagram for the Sill  4-  
C H 4 - H  2 system calculated with the opt imizat ion 
method [5] using the rmodynamic  data  at [Sill4] + 
[CH4] = 6mol  %, F R  = 2.7 x 10 -s m 3 sec --1 and 

P~ot = 0.1 MPa.  Under  equilibrium conditions,  silicon 
and /?-SIC phases form at a mole ratio o f  [CH4] / 
[Sill4] < 1 at any reaction temperature.  When  the 
ratio [CH4]/[SiH4 ] > 1,/?-SIC phase containing excess 
carbon forms above 1100 K, and single-phase/?-SIC 
forms below 1100 K. The prepara t ion  condit ions for 
the present study are: [CH4]/[SiH4] = 2, reaction tem- 
perature f rom 1523 to 1673 K. Therefore, /?-SIC + C 
phases are expected to form under  equilibrium con- 
ditions. However ,  in the present experiment, powders  
containing silicon and /?-SIC phases or  single-phase 
fi-SiC were obtained. 

TA B LE I Preparation conditions of powders 

Run Reaction Total gas Reactant con- 
no. temperature flow rate (FR) centration 

(K) (m ~ sec -I ) (tool %) 

[Sill4] [CH4] 

A125 1523 1.8 x 10 5 3.6 7.2 
Al30 1573 
AI35 1623 
A l40 1673 

B125 1523 2.7 x 10 ' 3.6 7.2 
BI30 1573 
B135 1623 
BI40 1673 

C125 1523 2.7 x i0 ~ 2.0 4.0 
C130 1573 
C135 1623 
C140 1673 

Figure 1 Schematic diagram of the appa- 
ratus for synthesizing SiC powder. (1) 
SiN 4 -? H 2 mixture gas, (2) H 2 gas, (3) 
CH 4 gas, (4) flow meter, (5) thermocouple, 
(6) stainless steel nozzle, (7) mullite tube 
(internal diameter 35mm), (8) RS-SiC 
tube (internal diameter 20mm), (9) SiC 
resistance furnace, (10) collecting flask and 
filter, (11) gas outlet. 

The format ion of  SiC particles f rom the Sill  4 - C H 4 -  
H2 system is generally considered to be a two-step 
process [6]. At  first, silicon particles are formed by the 
decomposi t ion of  Sill4 gas and subsequently carbu- 
rized into/?-SIC by CH 4. Then silicon diffuses to the 
outer surface o f  the particle and reacts with CH4 to 
form SiC. It was reported that  Sil l  4 was completely 
decomposed  to silicon particles above 873 K [6]. The 
results o f  thermodynamica l  calculations shown in 
Fig, 3 were not  in agreement  with the present experi- 
ments. The reasons for this difference could be that the 
carburizat ion process o f  silicon particles is very slow 
or that the formation of  carbon particles by the decom- 
position o f  C H  4 in H2 is kinetically difficult. Ano the r  
possibility is that, because reactant  gases are exposed 
to the high-temperature region in the furnace for 1 sec 
or less, the temperature o f  the reactant  gases or that  o f  
the formed particles may  be lower than the furnace 
temperature.  

3.2.  S h a p e  a n d  structure of particles 
Figs 4a, b and c show the electron microscopic bright- 
field image, the/?-SIC (1 1 1) dark-field image and the 
selected-area electron diffraction pattern, respectively, 
of  the particles obtained at 1673 K. It is clearly seen 
that these particles are hollow /?-SIC. Under  all 
preparat ion condit ions the /?-SIC particles obtained 
are polycrystalline consisting o f  small /?-SIC crystal- 
lites. The crystallite sizes measured f rom the micro- 
graphs agree with those measured by the broadening 
X-ray  line o f  the/?-SIC (1 1 1), (220)  and (3 1 1) peaks 
that  are shown in Table IlI .  

Figs 5a, b and c show the bright-field image, the Si 
(1 1 1) dark-field image and the selected-area electron 

TABLE I1 Carburization ratio, SiC yield and colour of 
powders 

Run Carburization ratio SiC yield  Colour 
no. SiC/(SiC + Si) (%) 

(wt %) 

A 125 16 5 brown-yellow 
A 130 27 6 yellow 
A 135 45 10 yellow 
A 140 99 28 grey 

B 125 23 6 brown-yellow 
B 130 35 12 yellow 
B 135 63 19 yellow 
B 140 99 41 grey 

C 125 44 12 yellow 
C 130 52 14 grey-yellow 
C 135 86 23 grey-yellow 
C140 100 28 grey 
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Figure 2 Effect of reaction temperature on carburization ratio, 
SiC/(SiC + Si). (O) [SiH4] = 2.0mo1%, FR = 2.7 x 10 5m3 
sec i, (A) [SiH4] = Y6mol%,  FR - 2.7 x 10-Sm3sec-I ,  (A) 
[SiH4] = 3.6mo1%, FR = 1.8 x 10-Sm3sec -I .  

diffraction pattern, respectively, of the particles 
obtained at 1623 K. The diffraction pattern indicated 
that the particles are a composite of polycrystalline 
/?-SIC and silicon. The particles obtained below 
1623 K consisted of a silicon core and a/?-SIC shell. 

The effect of  the reaction temperature on the pow- 
der density is shown in Fig. 6. The calculated density 
based on the powder composition using the theoreti- 
cal densities of/?-SiC (3.21 x 103 kgm 3) and silicon 
(2.33 x 10 ~ kgm 3) are indicated by broken-lines. 
The measured densities are consistently smaller than 
the calculated values. This difference increases with 
increase of the reaction temperature and total gas flow 
rate and with a decrease of  the reactant concentration. 
The presence of hollows in the particles leads to this 
difference. 

A typical variation of  the particle diameters, d, 
measured by TEM and the BET equivalent diameters 
calculated from the specific surface areas with reaction 
temperature is shown in Fig. 7. Under all experimental 
conditions the resulting powder showed a smaller 
value for dBEr than for d~.~M, and the difference between 
these values increased with the increase of reaction 
temperature. The increase of the hollow size may have 
contributed to this difference. For  a fixed gas flow 
rate, the dTE M decreased with decrease of Sill 4 con- 
centration because at a lower SiH4 concentration the 
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Figure 3 Calculated CVD phase diagram at [SiH 4 + CH4] = 
6mo1% and P~o~ = 0.1MPa. 

growth of microcrystallites becomes difficult. At a 
fixed concentration, the dvEM decreased with increasing 
gas flow rate. At large gas flow rates the residence time 
of silicon particles in the furnace is short, thus, the 
silicon particles become less likely to grow. 

Fig. 8 shows the relation between the thicknesses, 6, 
of the/?-SIC shell (6sic) as well as the silicon core (Ssi) 
of the particles and the carburization ratio. The aver- 
age thicknesses of the/?-SIC shell and the silicon core 
can be calculated using the measured powder density 
(e) according to Equations 1 and 2, respectively 

6sic = ~ ~sic/ J 

5si = ~ 1 - L~ 

- 1 x ~  ( l - x ) - -  (2)  
~Osic ~Si J ) 

where d is the mean particle diameter and x is the 
carburization ratio. The subscripts denote the values 
of the corresponding phases. 

The thicknesses of the /?-SIC shell and the silicon 
core can also be calculated from Equations 3 and 4, 
respectively. These equations apply for the case when 
/?-SIC forms via the diffusion of  silicon from the sili- 
con core through the/?-SIC shell [7]. 

T A B L E I l I Specific surface area, BET equivalent diameter, TEM particle size, X-ray mean crystallite size and density of powders 

Run Specific BET TEM mean X-ray mean Powder 
no. surface area equivalent particle crystallite density 

(m 2 g 1) diameter size size (103 kgm 3) 

(nm) (nm) (nm) 

AI25 2.6 2.32 
AI30 40 60 64 + 20 2.7 2.44 
A135 32 70 80 + 20 3.4 2.30 
AI40 72 26 114 _+ 22 5.4 2.10 

B125 35 69 70 + 9 3.4 2.43 
B130 38 61 64 _+ 15 4.0 2.48 
B135 35 61 64 _+ 15 5.0 2.15 
B140 39 48 79 + 20 5.4 1.90 

C125 58 39 46 + 5 4.4 2.22 
CI30 42 52 54 _+ I0 4.6 2.17 
C135 38 51 68 _+ I0 5.1 1.92 
C140 63 30 73 4- 10 5.6 1.89 
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Figure 4 Electron micrographs of the powder prepared at 1673 K, 
[SiH4] = 3.6mo1% and FR = 1.8 x 10-Sm3sec 1. (a) Bright- 
field image, (b) fl-SiC (1 l 1) dark-field image, (c) electron diffraction 
pattern. 

~ c  = 1 - 1 + Ms~  ~ x M c ~ s ~ c /  J 

c5~ = 5 1 + Msic - x M c ~ s ~ c  

x [1 -- ( xMsi ~1,,3~ (4) 

\ M s i c - x M c ]  J 

where M is the mole  weight. ~The results calculated 
f rom the two methods  agreed well, as shown in Fig. 8. 
This shows that  the SiC particles fo rmed  th rough  the 
two-step process ment ioned above.  The thickness of  
the fl-SiC shell increased f rom 2 to 10nm while the 
thickness of  the silicon core decreased f rom 8 to 0 nm 
as the carbur iza t ion  ratio increased f rom 40 to 
100 wt %. The thickness o f  the fl-SiC shell are greater  
than that  o f  the silicon core over  the carbur iza t ion  
ratio of  abou t  70 wt %. The  thicknesses of  the • 
shell observed by T E M  are a lmost  in agreement  with 
the calculated values shown in Fig. 8. Table  I I I  sum- 
marized the specific surface areas, particle sizes, crys- 
tallite sizes and densities o f  the powders  prepared  in 
the present  experiment.  

Figure 5 Electron micrographs of the powder prepared at 1623 K, 
[SiH4] = 3.6mo1% and FR = 2.7 x 10-Sm3sec i. (a) Bright- 
field image, (b) Si (1 1 1) dark-field image, (c) electron diffraction 
pattern. 
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Figure 6 Effect o f  reaction temperature on  powder  density. ( 0 ,  o )  
[Sill4] = 2 . 0 m o l  %, F R  - 2.7 x 10 -5 m 3 sec 1, (m, 17) [Sill4] - 
3 .6mo1%, F R  = 2.7 x 10 5m3sec - I ,  (A, A) [SiH4] = 3 .6mo1%, 
F R  - 1.8 x 10 -5 m 3 sec t. T D  = theoretical density o f  /LSiC 
(3.21 x 103 k g m - 3 ) .  ( ) Experimental ,  ( - - - )  calculated. 

3.3.  Infrared a b s o r p t i o n  
Fig. 9 shows typical IR absorption spectra of  powders 
obtained at FR = 2.7 x 10 5 m 3 sec 1 and [Sill4] = 
3.6mo1% in the wavenumber range from 400 to 
1400cm 1 Only one absorption peak at about 
874 cm-1 is predicted for solid (not hollow) spherical 
/?-SIC particles based on the calculation from the sur- 
face phonon mode [8]. However, in the present experi- 
ment, absorption peaks at 940 and 810cm 1 were 
observed for the powders prepared below 1623K. 
These particles consisted of a/?-SIC shell and a silicon 
core. As the reaction temperature increased, the inten- 
sity of the peak at about 940 cm ~ decreased and the 
two peaks shifted so as to approach each other. These 
splits of  the IR absorption peak of  the/?-SIC particles 
are considered to be caused by the shape anisotropy of 
the surface phonon mode due to the extremely thin 
/?-SIC layer of magnitude 2 to 10nm [9]. For the 
hollow/?-SIC particles obtained at 1673 K, one absorp- 
tion peak at about 830 cm ' and a shoulder at about 
930cm -t were observed. The IR absorption charac- 
teristics from the surface phonon mode of/?-SIC par- 
ticles are described in detail elsewhere [10]. 

3.4. Lattice parameter of/~-SiC 
Fig. 10 shows the effect of reaction temperature on the 
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Figure 7 Effect o f  reaction temperature on particle size. [SiH4] = 
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Figure 8 Relat ionship between the SiC shell thickness as well as the 
si l icon core thickness  and carburizat ion ratio (SiC/(SiC + Si)) for 

the powders  prepared at [Sill4] = 2 . 0 m o i %  and F R  = 2.7 x 
10 .5 m 3 sec i. ( o )  F r o m  Equat ion  1, (A) from Equation 2, ( o )  
from Equat ion  3, (zx) from Equat ion 4. 

lattice parameter (a) of/?-SIC in the powders. The 
lattice parameter decreases with the increase of both 
reaction temperature and gas flow rate while at a 
constant reactant concentration, and also decreases 
with the decrease of reactant concentration at a con- 
stant gas flow rate. Fig. 11 represents the relationship 
between the lattice parameter and the carburization 
ratio. The lattice parameter is larger than that of bulk 
/?-SIC crystal (a = 0 .43589nm) [1 l] up to the carbu- 
rization ratio of 70 wt % and decreases with increasing 
carburization ratio. Beyond the carburization ratio of 
70 wt %, the lattice parameter became constant taking 
the value equivalent to that of bulk/?-SIC crystal. 

Hase and Suzuki [12] prepared/?-SIC powders by 
solid-phase reactions of C + SiO, C + SiO2 and 
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Figure 9 Infrared absorpt ion spectra o f  the powders  prepared at 
[ S i l l 4 ] - - 3 . 6 m o 1 %  and F R  = 2.7 x 1 0 - S m 3 s e c  J. React ion 
temperature: (a) 1573 K, (b) 1623 K, (c) 1673K. 
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Figure 10 Effect of  reac t ion  t empera tu re  on the lat t ice pa rame te r  of  
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C + Si and reported that the lattice parameter of the 
/?-SIC particles containing free carbon was smaller 
than that of bulk/?-SIC crystal. Bonnke and Fitzer [13] 
prepared/?-SIC films containing free carbon by ther- 
mal decomposition of (CH3) 3SiCI, (CH3)2SiC12 and 
CH3SiC13 in H2. They reported that the lattice pa- 
rameter decreased as the amount of free carbon 
increased from 0 to 10wt %. In these cases, the sub- 
stitution of  silicon atoms having a larger covalent 
radius (0.117 nm) [14] for carbon atoms having a smal- 
ler radius (0.077nm) [14] is considered to cause the 
decrease of the lattice parameter of/?-SIC. Kawashima 
and Setaka [15] reported that the lattice parameter of 
/?-SIC films containing free silicon prepared by CVD 
using SiC14 and toluene had the same value as that of  
/?-SIC not containing free silicon. Chin et al. [16] also 
reported that the lattice parameter of fl-SiC films con- 
taining 3 to 50wt % free silicon prepared by CVD 
using CH3SiC13 and H2 was constant, having a value 
equal to that of a single-phase /?-SIC. These results 
suggest that silicon sites in the/?-SIC lattice are sub- 
stitutionally occupied by carbon atoms, thus resulting 
in a decrease of lattice parameter, but carbon sites could 
not be replaced by silicon atoms. Therefore, no change 
in the value of  lattice parameter takes place. On the 
other hand, it was reported that the lattice structure of 
/?-SIC films deposited on the silicon wafer is remark- 
ably disordered at the SiC/Si interface due to the large 
lattice mismatch between silicon (a = 0.543 088 nm) 
[17] and /?-SIC (a = 0.43589nm) [18, 19]. Conse- 
quently when an extremely thin fl-SiC layer forms on 
the silicon body, a lattice mismatch between silicon 
and/?-SIC may take place causing enlargement of the 
fl-SiC lattice parameter. The effect of the lattice mis- 
match may be greater as the fl-SiC shell becomes 
thinner. When the carburization ratio is more than 
70 wt %, the lattice parameter agrees with that of the 
bulk fi-SiC crystal. These results may correspond to 
the fact that the/?-SIC shell becomes thicker than the 
silicon core at the carburization ratio of greater than 
70 wt %, as shown in Fig. 8, thus, reducing the effect 
of lattice mismatch. 
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Figure 11 Relationship between the lattice parameter of/?-SIC and 
carburization ratio (SiC/(SiC + Si)). (--.--) The value of bulk 
/?-SIC [11]. 

4. Conclusion 
Silicon carbide powders (fl form) were prepared by 
CVD of SiH4-CH4-H 2 system in the temperature 
range 1523 to 1673 K. The structure and properties of 
the resulting powders were investigated. The following 
results were obtained. 

1. The powders of single-phase/?-SIC were obtained 
at 1673 K, while the powders obtained below 1623 K 
were a composite of silicon and/?-SIC. The carburiz- 
ation ratib (SiC/(SiC + Si)) increased with increasing 
reaction temperature and total gas flow rate, and also 
increased with decreasing reactant concentration. 

2. The TEM average particle sizes increased from 
46 to 114 nm with increasing reaction temperature and 
reactant concentration and increased with decreasing 
gas flow rate. 

3. The particles obtained below 1623 K consisted of 
a silicon core and/?-SIC shell, while those obtained at 
1673 K were hollow/?-SIC particles. 

4. IR absorption peaks were observed at 810 and 
940 cm-1 for the particles consisting of a silicon core 
and a/?-SIC shell. The hollow/?-SIC particles exhibited 
an IR peak at about 830 cm i and a shoulder at about 
930 cm 1. 

5. When the carburization ratio was less than 
70wt %, the lattice parameter of  fl-SiC was larger 
than that of the bulk fl-SiC crystal. As the carburiz- 
ation ratio increased, the lattice parameter of/?-SIC 
decreased until it equalled that of bulk /?-SIC crys- 
tal, and became constant as the carburization ratio 
exceeded 70 wt %. 
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