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Preparation of SiB4+ and SiB 6 plates by chemical 
vapour deposition of SiCI 4 + B2H 6 system 

M A S A K A Z U  M U K A I D A ,  T A K A S H I  GOTO, TOSHIO HIRAI  
Institute for Materials Research, Tohoku University, 2-1-1 Katahira Sendai 980, Japan 

SiB4_+ x and SiB6 plates were prepared by chemical vapour deposition (CVD) using SiCI4, B2 H6 
and H2 gases under the conditions of deposition temperatures (Tdep) from 1 323-1773 K, total gas 
pressures (Ptot) from 4-40 kPa and B/Si source gas ratio (mB/si = 2B2He/SiCI4) from 0.2-2.8. 
The effects of CVD conditions on the morphology, structure and composition of the deposits were 
examined. High-purity and high-density SiB4_+ x and SiBe plates about 1 mm thick were obtained 
at the deposition rates of 71 and 47 nm s - 1 respectively. The lattice parameter, composition and 
density of CVD SiB4_+ x plates were dependent on their non-stoichiometry, The lattice parameter, 
a, was 0.6325 nm, but cranged from 1.262-1.271 nm. The B/Si atomic ratio ranged from 3.1-5.0, 
and the density ranged from 2.39-2.45 • 103 kg m-3. The CVD SiBB plates showed constant 
values of lattice parameters (a = 1.444nm, b = 1.828nm, c = 0.9915nm), composition 
(B/Si = 6.0)and density (2.42 • 103 kg m-3), independent of CVD conditions. 

1. Introduct ion  
Many compounds such as SiB 3 [1], SiB4 [2], SiB 6 
[1, 3] and SiB, (n = 14, 15, 40, etc.) [4] are known in 
the Si-B system. In past reports [1, 2], SiB3 and SiB4 
have been considered to be the same compound, hav- 
ing a structure of space group D35d-R3m, like B4C [5]. 
It remains uncertain whether the correct nomen- 
clature should be SiB 3 or SiB4. The difference between 
the two is thought to arise from the difference in their 
non-stoichiometric characteristics [6] or it may be 
due to the contamination of free silicon or SiB 6 [7]. 
For  this reason these compounds are termed "SiB~_+x" 
[81 in this paper. 

SiB 6 was discovered in 1900 [1] when a mixture of 
silicon and boron was melted. The crystal structure of 
SiB6 was initially reported to be cubic (CAB6 type [9]), 
however, it was later confirmed to be orthorhombic 
P n n m  [10]. 

SiBa_+x and SiB6 are good candidate materials for 
a thermoelectric semiconductor [ l  1], and have excel- 
lent potential as high-temperature materials [12, 13] 
because of their high oxidation and thermal shock 
resistances. 

Some properties of SiB4_+x and SiB6 prepared by 
hot pressing have been reported in the past [11-13], 
but their intrinsic properties have been difficult to 
determine due to the existence of porosity, impurities 
and second phases. 

Chemical vapour deposition (CVD) is a suitable 
method for preparing high-purity and high-density 
materials. Several reports on the CVD of the Si-B 
system have been published [14-19]. SiB4_+x [14-17] 
and SiB14 [18, 19] in the shape of whiskers and thin 
films have been prepared; however, their properties 
have yet to be measured. 

In the present work, by studying the effects of CVD 

conditions on morphology, structure and composition 
for the Si-B system, high-purity and high-density 
SiB4_+x and SiB6 plates about 1 mm thick were pre- 
pared. 

2. Experimental procedure 
A schematic diagram of the CVD apparatus is shown 
in Fig. 1. Silicon borides were prepared on the graph- 
ite substrates (40 mm x 12 mm • 2 mm) heated by an 
electric current using SIC14 vapour, B 2 H 6 (5 vol %) + 
H2 (95 vot %) mixture gas and H2 gas. The deposition 
temperatures, Tdep, ranged from 1323-1773 K, the 
total gas pressures, Ptot, were  varied from 4-40.kPa 
and the B/Si source gas ratio (m~/si = 2B2H6/SiCI4) 
was controlled in the range 0.2-2.8. The deposition 
conditions are summarized in Table I. 

The surface textures of the deposits were observed 
by SEM, and the crystal structures were examined by 
XRD (nickel-filtered, CuK~). The compositions of the 
deposits were determined by chemical analysis and 
inductively coupled plasma analysis (ICP). The den- 
sity was measured by the Archimedien method by 
immersion in toluene. 

TABLE I Deposition conditions for the preparation of 
CVD SiB4• and CVD SiB 6 

Deposition temperature 1323-1773 K 
Total gas pressure 4-40 kPa 
Gas flow rate: 

SIC14 4.95 x 10-7-16.8 x 10-7 m3s-1 
Bz H6 1.67 x 10 - 7-8.33 X 10 - 7 m 3 s - i 
H 2 2.0• 10 -5 m3s -1 

2B2 H6/SiCl4(rnB/s0 0.2-2.8 
Deposition time 14.4 ks 
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Figure 1 Schematic diagram of CVD apparatus for preparing SiB4_+x and SiB 6 plates. 
1, H2 gas; 2, B2H 6 + H 2 gas; 3, pressure regulator; 4, flow meter; 5, SIC14; 6, constant temperature bath; 7, valve; 8, reaction chamber; 
9, cold trap; 10, rotary pump. 
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Figure 2 Effects of CVD conditions on the structures of deposits: 
(a) Plot = 4 kPa; (b) Plot = 13 kPa; (c) Plot = 40 kPa. 
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Figure 3 Effects of CVD conditions on the morphology of deposits: 
(a) Plot = 4 kPa; (b) Plot = 13 kPa, (c) Plot = 40 kPa. 

3. Results and discussion 
Fig. 2 shows the effects of the CVD conditions on the 
structures of the deposits. The deposits prepared at 
Plot = 4 kPa (Fig. 2a) were classified into three types: 
Si + B, SiB4+_x and SiB6. Both SiB4_+x and SiB 6 were 
obtained in a single phase. The deposits prepared at 
b o t h  Plot = 13 kPa (Fig. 2b) and 40 kPa (Fig. 2c) are 
classified into Si + SiB4+x, Si + SiB4_+~ + SiB6 and 
S i C  + S iB6  + Si. T h e  X-ray diffraction analysis 
(XRD) showed that the contents of each phase pre- 
pared at Plot = 13 and 40 kPa were Si > SiB4_+x in the 
Si + SiB4_+~, Si = SiB4_+~ > SiB6 in the Si + SiB4_+x 
+ S i B 6  a n d  S i C  > S iB6  > Si i n  t h e  S i C  + S iB6  + Si 

phases. The formation of SiC must be provoked by the 
reaction between the free silicon and graphite sub- 
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strates. The free silicon was easily co-deposited when 
the total pressure exceeds 13 kPa, as shown in Fig. 2. 

Fig. 3 shows the effects of CVD conditions on the 
morphology of the deposits. The morphology was 
classified into three groups; "pebble", "facet" and 
"partial melt". Fig. 4 shows typical surface textures 
observed by SEM for each group. It is well known that 
the morphology of CVD materials changes from 
"pebble" to "facet" with increasing Taep [20]. The 
structure shown in Fig. 3 agrees with this well-known 
trend. 

Fig. 5 shows an equilibrium phase diagram of the 
Si-B system [21, 22]. The diagram suggests the forma- 
tion of a liquid phase when the deposition temper- 
ature exceeds 1658 K. Thus, the "partial melt" textures 



These eutectic temperatures almost agree with the 
boundary of Tdep between the SiB4• and SiB6 regions 
shown in Fig. 2. 

Figs 6 and 7 show the effect of mB/s~ on the surface 
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Figure 5 Equi l ibr ium phase  d iagram o f t h e  S i -B s y s t e m [ 2 0 ,  21]. 

Figure4 Typical  surface textures  of deposits:  (a) pebble 
(Tdep = 1373 K, Ptot = 4 kPa,  mare = 0.2); (b) facet (Tde p = 1473 K, 
Pto~ = 4 k P a ,  ma/si = 0.2); (c) part ial  mel t  (Tdep = 1573 K, 
Ptot = 13 kPa,  mB/sl = 0.2). 

shown in Figs 3 and 4 may be related to the character- 
istics of the equilibrium phase diagram. However, the 
equilibrium temperature for initiation of a liquid 
phase is about 100 K higher than the Tdep in the 
present work. This difference can be explained by two 
factors; first, the CVD may not be strictly in equilib- 
rium, and second, the equilibrium phase diagram 
shown in Fig. 5 may not be a totally true phase 
diagram. The "partial melt" texture disappeared at 
higher mB/si, probably because almost all the liquid 
phase had reacted with graphite substrates to form 
SiC. According to the equilibrium phase diagram, 
SiB4_+~ becomes unstable at more than 1600 K and 
decomposes into SiB6 and Si by the eutectic reaction 

SiB4 = (2/3) SiB6 + (1/3) Si (1) 

However, some papers 1-23, 24] reported that the 
eutectic temperature might be higher than 1643 K. 

Figure6 Effect of mB/Si OI1 the surface textures  of  C V D  SiB4• 
plates prepared  at Tdep = 1473 K, P~o, = 4 k P a :  (a)mB/si = 0.2; 
(b) mB/si = 0.8; (c) rnB/s~ = 2.8. 
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Figs 9 and 10 show the effect of Td~p on lattice 
parameters of CVD SiB4+x and CVD SiB 6 plates, 
respectively. The CVD SiB4+x plates had a constant 
a value of 0.633 nm, while c values increased from 
1.262-1.271 nm with increasing Td~p. The lattice para- 
meters of CVD SiB6 plates were all constant with 
a = 1.444 nm, b = 1.828 nm and c = 0.9915 nm, inde- 
pendent of CVD conditions. 

Figure 7 Effect of mB/si on the surface textures of CVD SiB 6 plates 
prepared at i%p = 1473 K, Ptot = 4 kPa:  (a) mB/si = 0.2; 
(b) mB/sl = 0.8; (c) mB/si = 2.8. 
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Figure 8 XRD powder patterns: 
(a) C V D  SiB4• plate prepared at Tdep = 1473 K, Ptot = 4 k P a ,  
mB/s~ = 0 . 2 ;  ( b ) C V D  SiB6 plate prepared at Tdep= 1673K,  

P,ot = 4 kPa,  rnB/sl = 0.8. 

0.66 

textures of CVD SiB4+~ and CVD SiB6 plates pre- 
pared at Ptot = 4 kPa, respectively. The grain size of 
both CVD SiB4+x and CVD SiB 6 plates decreased 
with increasing mR/si. It has been reported that the 
grain size of CVD TiB2 [20] and CVD TiC [25] 
decreased with an increase of the boron and carbon 
source gas ratio. In general there is a common tend- 
ency of decreasing grain size with increasing source 
gas ratio of nonmetallic elements. When ma/si becomes 
higher, a large amount of fine boron powder is formed 
in the gas phase, and these powders may become 
nucleation sites for crystal growth on the substrates. 
The smaller grain size observed at higher mB/si can be 
explained in this manner. 

Fig. 8a and b show the XRD patterns obtained from 
the powders of CVD SiB4+, and CVD SiB6 plates, 
respectively. Free silicon and second phases were not 
detected, and they were both in a single phase. 
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Figure 9 Effect of Tdep on the lattice parameters of C V D  SiB4• 
plates prepared at P,ot = 4 kPa,  mB/s~ = 0.2. (a) a-axis, (b) c-axis. 



1.48 8 

1.46 

1.44 

1.42 

1.86 

P 1.84 
.=, 

E 
P 
~. 1.82 

1,80 

1.02 

(o) 
I I I I 

o O 0 

(b) 
s I I " [ 

1,00 

0.98 

(c) 
0 .96  I J j l 

1500 1600 1700 1800 
Deposition temperotur% Tde p (K) 

Figure lO Effect of Tdep on the lattice parameters of CVD SiB6 
plates prepared at Ptot = 4 kPa, mB/s~ = 0.8. (a) a-axis, (b) b-axis, 
(c) c-axis. 

Figs 11 and 12 show the compositions of 
CVD SiB4_+x and CVD SiB6 plates, respectively. The 
B/Si atomic ratio of CVD SiB4_+x plates decreased 
from 5.0 to 3.1 with increasing Tdop, while that of 
CVD SiB 6 plates had the constant value of 6.0. 

The crystal structure of SiB4_+~ has been explained 
as being similar to that of B4C, consisting of the space 
group of DSd-R3m I-6, 261. B 4 C  is known to have 
a wide non-stoichiometric range between B/C = 3.6 
and 10.8 [27, 28]. With the non-stoichiometric com- 
position of B4C when B4C exists with excess boron, 
the three inter-icosahedron carbon sites are partially 
substituted by boron atoms, while for excess carbon in 
B4 C,  the 20 intra-icosahedron boron sites are partially 
substituted by carbon atoms [28-31]. The same 
reasoning can be applied to illustrate the non- 
stoichiometry of SiB~_+~ [6, 26]. Thus, the difference in 
non-stoichiometry characteristics must be contribu- 
ting to the observed variations of lattice parameters 
and compositions of CVD SiB4_+~ plates with Td,p, as 
shown in Figs 9 and 11. 

It is known that SiB 6 has the structure of ortho- 
rhombic P n n m  [10] and may have a non- 
stoichiometric composition range of between 
B/Si = 5.7 and 6.1 [10]. However, many past reports 
[32, 33], as well as the present work, have shown that 
SiBe may be a stoichiometric compound. 

Fig. 13 shows the effect of Td~p on the density of 
CVD SiB4_+~ plates. The density increased from 
2.39 x 10 ~ to 2.45 x 103 kgm-3 with increasing Td~p. 
The broken line in Fig. 13 shows calculated values 
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Figure 11 Effect of Tde~ on the composition of CVD SiB4_+ x plates 
prepared at Ptot = 4 kPa, rnB/si = 0.2. 
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Figure 12 Effect of Tde p on the composition of CVD SiB6 plates 
prepared at Pro, = 4 kPa, mB/s~ = 0.8. 
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Figure 13 Effect of Td~p on the density of CVD SiB4• plates 
prepared at P,o, = 4 kPa, rnB/sl = 0.2. 

based on the following assumptions: when the B/Si 
atomic ratio is more than 4, the three inter-icosa- 
hedron silicon sites are partially substituted by boron 
atoms, and when the B/Si atomic ratio is less than 4, 
the 20 intra-icosahedron boron sites are partially sub- 
stituted by silicon atoms as mentioned earlier. The 
calculated results are in good agreement with the 
experimental data. 

Fig. 14 shows the effect of Tdep on the density of 
CVD SiB6 plates. The density of CVD SiB 6 plates 
remained constant (2.42x 103 kgm-3), and agreed 
with the theoretical value (2.418 x 103 kg m -  3). 
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Figure 14 Effect of Tdep on  the dens i ty  of C V D  SiB6 plates  p repa red  

a t  Ptot  = 4 kPa ,  mB/si = 0 . 8 .  

Tables II and III summarize the lattice parameters, 
composition and density of SiB4_+ ~ (Table II) and SiB6 
(Table III) prepared by various techniques. 

Fig. 15 shows the effect of Tdep on the deposition 
rates of CVD SiB4_+x and CVD SiB 6 plates. The de- 
position rate of CVD SiB4_+x plates had a maximum 
value of 71 nms-1  (256 ixmh -1) at Td~p = 1373 K, 
Ptot  = 4 kPa and mB/sl = 0.2. The deposition rate of 
CVD SiB 6 plates continuously decreased with in- 
creasing Td,p. The largest value was 47 nms -1 
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Figure 15 Effect of Tdep on the depos i t ion  rates  o f ( e )  C V D  SiB4_+x 

plates  (mB/si = 0.2) and  ( �9  C V D  SiB6 pla tes  (mB/si = 0.8) p repared  

at  Ptot = 4 kPa .  

(170~tmh -1) at Tdep=1573K, P t o t = 4 k P a  and 
ma/si = 0.8. The reason for this decrease in deposition 
rate with increasing Tdep may be due to the powder 
formation by homogeneous reactions in the gas phase, 
as mentioned earlier. 

Table IV summarizes the properties of silicon bor- 
ides prepared by CVD in the previous 1-14, 15, 17-19] 
and present work. There are no known reports on the 

T A B L E  1I Lat t ice  parameter ,  densi ty  and  compos i t i on  of C V D  SiB4_+x 

M e t h o d  Lat t ice  p a r a m e t e r  (nm) Dens i ty  (103 kg  m -  3) C o m p o s i t i o n  (B/Si) Reference 

Sin ter ing  a = 0.5319 2.44 2.89 [6] 

c = 1.2713 

a = 0.632 2.46 2.96 [26] 

c = 1.275 

a = 0.6330 2.47 4.27 [7] 

c = 1.2736 

C V D  a = 0.628 
c = 1.272 [15] 

a = 0.633 2.39-2.45 3.1-5.0 Present  work  

c = 1.262-1.271 

T A B L E  I I I  Lat t ice  parameters ,  densi ty  and  compos i t i on  of C V D  SiB6 

M e t h o d  Lat t ice  pa rame te r  (nm) Dens i ty  (103 k g m - 3 )  C o m p o s i t i o n  (B/Si) Reference 

Fus ion  a = 1.460 2.45 5.9 [3] 

b = 1.840 

c = 1.002 

a = 1.4392 2.43 6.1 [32] 

b = 1.8267 
c = 0.9885 

a = 1.439 2.43 6.0 [33] 

b = 1.827 

c = 0.988 

a = 1.4397 2.42 [10] 

b = 1.8318 
c = 0.9923 

C V D  a = 1.444 2.42 6.0 Present  work  

b = 1.828 
c = 0.992 
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T A B L E  IV Deposition conditions and some properties of silicon borides prepared by CVD 

Reactants Deposition conditions B/Si Morphology 

Tdep (K) Ptot (kPa) mB/si 

Thickness (mm) Reference 

SIC14 + BBr3 1423 0.33 3 Wire coating 
SiClg + B C 1 3  1223-1473 0.5-2 4 Whisker 
Sill4 + B C 1 3  1073-1673 6.7 8.0 2-5 4 Film 
SiBr,~ + BBr3 1200-1800 6.7 x 10 -3 1-14 14 Film 
SiBr4 + BBr3 1200-1600 6.7 • 10 -3 12-20 14 Film 

SiC14 + B2H 6 1323-1573 4 0.2-2.8 4 + x  Plate 
SiCI4 + B2H6 1573-1773 4 0.2-2.8 6 Plate 

- 1 - 1 5 ]  

- [ 1 4 ]  

0.005 ~ 0.3 1-17] 
0.2 ~ 0.3 1,18] 
0.05 1-19] 

1.0 Present work 
0.7 Present work 

preparation of SiB 6 by CVD except for the present 
work. The thickness ofCVD SiB4_+~ plates obtained in 
the present work was about 1 mm at most. This value 
is about 3-200 times larger than those previously 
reported. Up to now only one known report on the 
deposition rate of silicon borides (SiB14) was available 
1-18]. According to this report the deposition rate of 
CVD SiB14 was 30 ~tmh -1 at Tdep = 1520K 1-18]. 

In the present work, the cold-wall-type CVD fur- 
nace was used and fresh source gases were transported 
to the heated substrates with minimum premature 
reactions. These factors may have contributed to the 
deposition of very thick CVD SiB4_+x and CVD SiB 6 
plates at higher deposition rates. 

4. Conclusions 
SiB4_+x and SiB6 plates were prepared by CVD using 
SiCL, BzH6 and H2 gases under the conditions 
of Tdep = 1323-1773 K, Ptot = 4-40 kPa and 
mB/sl = 0.2-2.8. The following results were obtained. 

1. When Ptot = 4 k P a  and Taep<1573 K, SiB4_+x 
plates were obtained. When Ptot = 4 k P a  and 
Taep> 1573 K, SiB 6 plates were obtained. Both plates 
were in a single phase. When Ptot> 13 kPa, free silicon 
was co-deposited in both CVD SiB4• and CVD SiB 6 
plates independent of Tde p and mn/si. 

2. The grain size of CVD SiB4_+x and CVD SiB 6 
plates decreased with increasing m~/si. The formation 
of fine boron powder in the gas phase becomes more 
noticeable with higher rnws ~. This boron powder may 
become nucleation sites on the substrate surface. 

3. The CVD SiB4• plates had a non-stoichiomet- 
ric composition range between B/Si = 3.1, and 5.0. The 
lattice parameter and density varied depending on the 
non-stoichiometry. The lattice parameter, a, was con- 
stant at 0.6325 nm, but c ranged from 1.262-1.271 nm. 
The density changed from 2.39-2.45 • 103 kgm-3 .  

4. The CVD SiB6 plates had constant values of 
lattice parameter (a = 1.444nm, b = 1.828 nm and 
c = 0.9915 nm), composition (B/Si = 6) and density 
(2.42 • 103 kgm-3) ,  independent of CVD conditions. 

5. The maximum deposition rate of CVD SiBg+x 
and CVD SiB 6 plates was 71 nms  -~ (at Tdep= 1373 K, 
Ptot = 4 k P a  and mwsi = 0.2), while for CVD SiB 6 
plates it was 47 nms - 1 (at Td~p = 1573 K, Ptot = 4 kPa 
and mwsi = 0.8). The maximum thickness of any plates 
was about 1 mm. 
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