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Preparation and some properties of 
chemically vapour- deposited 
Si3N4- TiN composite 
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Chemically vapour-deposited (CVD) Si 3 N4-TiN composite (a plate with the maximum 
thickness of 1.9 mm) has been prepared on a graphite substrate using a mixture of SiCI4, 
TiCI4, NH 3 and H2 gases. The CVD was carried out at deposition temperatures, Tdep, 
in the range of 1050 to 1450 ~ C, total gas pressures, Ptot, from 1.33 to 10.7 kPa and 
gas flow rates of 136 (SiCI4), 18 (TiCI4), 120 (NHa) and 2720 (H2) cm3min -1. The 
deposits thus obtained appeared black. The Ti content in the composites ranged from 
2.1 to 24.8 wt % and was found in the form of TiN. The structure of the SiaN 4 matrices 
varied from amorphous (initially) to the e- and/3-type, with increasing Tdep. Most of the 
e- and/3-type deposits had a preferred orientation (001) parallel to the deposition surface. 
While the deposition surface of the amorphous deposits showed a pebble structure, the 
surfaces of the e- and/3-type deposits were composed of various kinds of facets. The heat- 
treating experiment suggested that/3-Si3 N4 obtained in the present work was formed 
directly via a vapour phase, and not from crystallization of amorphous Si 3 N4 or from 
transformation of cx-Si3 N 4 . 

1. Introduction 
One approach in the course of developing a new 
material is to combine different components of 
various substances, i.e. the exploration of com- 
posites. Compared to the well-known sintering 
technique for producing composites, the chemical 
vapour deposition (CVD) technique can be 
successfully used to prepare composites having 
components with low sinterability. Some studies 
have been conducted on producing composites 
of a Si3N 4 matrix by CVD for application in 
electronic and high temperature structural uses. 
As materials for electronic applications, SiaN4- 
Si, with a non-ohmic d.c. conduction property 
[1], Si3N4-Ge, with a reduced stress in the film 
[2], and SiaN4-A1N, with an enhanced charge 
storage property [3] have been reported. As high 
temperature structural materials, CVD of a 
Sialon has been attempted [4]. For the same 
application CVD of Si3N4-Si-SiC composites 
was also conducted [5]. 
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A SiaN4-C composite having an amorphous 
Si3N4 matrix with dispersed carbon was prepared 
by the present authors via CVD of a SiC14-NH3- 
H2-C3H8 system, and it was found that this 
composite has a good electrical conductivity [6]. 
Recently, the present authors obtained a SiaN4- 
TiN composite in a plate form from CVD of a 
SiCI4-NHa-H2-TIC14 system. A brief description 
on a part of this work has been previously 
reported [7]. 

The present paper describes detailed procedures 
for the preparation of the plate-like SiaN4-TiN 
composite and the influences of CVD conditions 
on the various characteristics of the resulting 
composites, such as, its crystal structure, preferred 
orientation, surface morphology and Ti content. 

2. Experimental procedure 
2.1. Sample preparation 
The deposits were prepared by adding TIC14 
vapour into a SiC14-NH3-H2 system which was 
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previously used for the preparation of the CVD- 
Si3N4 [8]. The deposition apparatus is sche- 
matically illustrated in Fig. 1. The substrate is 
a graphite plate with dimensions of  80mm x 
25mm x 4 m m .  The substrate was heated by 
applying an electric current. The deposition 
temperature, Tdep~ was measured using a two- 
colour pyrometer. The SIC14 and TiCI4 vapours 
were transported by the H2 gas by introducing 
it in the SIC14 and TIC14 reservoirs which were 
kept at temperatures of 0 and 20 ~ C, respectively. 
The H2 gas, containing these chloride vapours, 
was introduced into a reaction chamber through 
the outer tube of an annular nozzle and NH3 gas 
was introduced through the inner tube. The 
purities of SIC14, TIC14 and NH3 were 99.9 % 
and that of  H2 was 99.9999%. The total gas 
pressure, Ptot, in the reaction chamber was con- 
trolled using a needle valve. Table I summarizes 
the CVD conditions used in the present experi- 
ment. 

2.2.  Charac te r i za t ion  of  samples  
The structure of  the deposits was examined by 
an X-ray diffractometer (JEOL DX-GO-S) using 
Ni-filtered CuKa radiation. The contents of a- 
and /3-Si3N4 in the crystalline deposites were 
determined from the peak heights of the (201) 
reflection for the a-phase, and the (1 10) reflection 
for the/3-phase, for pulverized samples (under 325 
mesh) using a calibration curve for the ratio 
a/[J obtained from the mixtures of a- and/~-Si3N 4 

TABLE I CVD conditions 

~ (15) 

I W -+ 

Figure I A schematic diagram of 
the deposition apparatus. (1) H 2 
gas, (2) NH 3 gas, (3) flow meter, 
(4)valve, (5)constant temper- 
ature bath, (6) SiC14 reservoir, 
(7) TiC14 reservoir, (8) SiC14 + 
TiCI4+ H 2 gas inlet, (9) NH 3 gas 
inlet, (10)graphite heater (sub- 
strate), (11) reaction chamber, 
(12) water-cooled electrode, (13) 
manometer, (14) cold trap and 
(15) rotary pump. 

powders. The lattice parameters of a-and/3-Si3N4 
were determined by the Nelson-Riley extrapola- 
tion method using the Debye-Scherrer camera. 
The deposition surface was coated with gold film 
and observed by a scanning electron microscope 
(Hitachi Akashi MSM4). The Ti content in the 
deposits was determined by a chemical analysis. 

3 .  Resu l ts  
Under every CVD condition used in the present 
experiment the black plate-like deposits were 
obtained on the graphite substrate. The maximum 
thickness of the deposit was 1.9 mm. 

3.1.  Crystal  s t ruc tu re  of  t he  Si 3 N4 mat r ices  
Fig. 2 shows the typical X-ray diffraction 
patterns for pulverized deposit samples. It was 
found from the X-ray diffraction results that, 
depending on the CVD condition, the prepared 
deposits have a matrix consisting of either amor- 
phous, a- or/3-Si3N,. In this paper, each of above 
is denoted as amorphous, a-type or /3-type 
deposits. 

Fig. 3 shows the Si3N4 matrix structures found 
in deposits prepared at various Tdep and Ptot. 
At Tale p = 1050 and 1150~ the deposits 
obtained were amorphous (A) irrespective of Ptot 
values. At Tale p = 1250~ and Ptot = 1.33 to 8 
kPa a-type deposits (e) were obtained and at the 
same /'de p the amorphous deposit was prepared 
when Ptot = 10.7 kPa. At Tale p = 1350 ~ C, the a- 
type deposit was obtained at Ptot = 1.33kPa, 

Deposition Total gas 
temperature, Tde p pressure,/)tot 
(~ (kPa) 

Gas flow rate (cm 3 min -1) 

SiC14 TiC14 NH 3 H2 

Deposition time 
(h) 

1050-1450 1.33-10.7 136 18 120 2720 4-8 
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while the 13-type deposits (o) were obtained at 

P t o t = 4  to 10.7kPa. At  Tae v = 1450~ the 13- 
type deposits were prepared at every Ptot- 

Fig. 4 demonstrates the relationship between 

Taep and 13-Si3N4 content,  i.e. 13/(0t + 13), in the 
crystalline deposits. At Ptot = 1.33 kPa, 13/(a + t3) 
is as low as 4 to 9 wt % when Tae p = 1250 and 
1350 ~ C, but  it has a value as high as 91 wt % at 

Tae~ = 1450 ~ C. At P~ot = 4 t o  10.7 kPa,13/(a + 13) 
was 95 to 100wt % at Tae p = 1350 and 1450 ~ C. 

The lattice parameters, ao and Co, of/3-SiaN4 

obtained at Taep = 1350 ~ C and / ' t o t  = 4 kPa and 
those of  a-SiaN4 obtained at Taep = 1250 ~ C and 

Figure2 X-ray diffraction patterns of 
pulverized samples. (a)Tale p = 1150 ~ C, 
Ptot = 4 kPa; (b) Tde p = 1250 ~ C, 
Ptot = 4 kVa; (c) Tale p = 1350 ~ C,Pto t = 
4 kPa. 

/ 'tot = 4 kPa were determined. The values of  a o 
and Co of  r were 0.7609 and 0 .2909nm, 
respectively. Those of  a-Si3N4 were 0.7758 and 
0.5622 nm, respectively. 

3 .2 .  P r e f e r r e d  o r i e n t a t i o n  
Fig. 5 shows typical X-ray diffraction patterns 
for deposition surfaces of  the crystalline deposits. 
While the deposit prepared at Tdep = 1250~ 
and/~ = 1.33 kPa gave a strong diffraction peak 
of  a ( l 1 2 )  (Fig. 5a), that prepared at Tdep = 
1250 ~ C and Ptot = 4 kPa gave a strong diffraction 
peak of  a (004)  (Fig. 5b). As for the 13-type 
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Figure 3 Effect of Tale p 
Si 3 N 4 matrices. 
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Figure4 Effect of Tale p on the content of /3-Si3N4, 
/3/(c~ +/3), in the crystalline deposits. 
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Figure5 X-ray diffraction patterns for 
deposition surfaces of the crystalline 
deposits. (a)Tde p = 1250 ~ C, Ptot = 
1.33 kPa; (b) Tale p = 1250 ~ C, Ptot = 
4 kPa; (c) Tde p = 1350 ~ C, Ptot = 
4 kPa; (d) Tde p = 1350 ~ C, /)tot = 
10.7 kPa. 

deposits, two types o f  preferred orientations were 
observed; a diffraction peak of  ~(002) was 
dominant at Tde p = 1350~ and Ptot = 4 kPa 
(Fig. 5c), while ~(101) was strong at Tde p = 
1350 ~ C and Ptot = 10.7 kPa (Fig. 5d). 

Table II summarizes the preferred orientation 
o f  the crystalline deposits prepared at the various 
Tde p and Ptot- Most o f  the a-type deposits showed 
the (001)  preferred orientation. The /3-type 

TABLE II Preferred orientation of the crystalline deposits 

Tale p (o C) /)tot (kPa) Strongest diffraction peak 

1250 1.33 a(112) 
1250 4 a(004) 
1250 8 a(004) 
1350 1.33 a(004) 
1350 4 #(002) 
1350 8 #(002) 
1350 10.7 ~(101) 
1450 1.33 #(002) 
1450 4 ~(002) 
1450 8 #(101) 
1450 10.7 ~(101) 

deposits showed the ( 0 0 1 )  preferred orientation 
at lower Tde p and Ptot and the (101)  preferred 
orientation at higher Tde o and Prof. 

3.3. Surface morphology 
Fig. 6 shows a typical scanning electron micro- 
graph for the deposition surface o f  the amorphous 
deposits. All the amorphous deposits had a pebble 
structure as shown in Fig. 6. The size of  the pebbles 
ranged from 0.1 to 0.4 mm and remained practi- 
cally constant with Tde p and Ptot- 

The surface morphology of  the crystalline 
deposits was markedly different from that o f  the 
amorphous deposits. Fig. 7 shows that scanning 
electron micrographs for the deposition surfaces 
o f  the a-type deposits obtained a t  r d e  p = 1250 ~ C 
and Ptot = 1.33 to 8 kPa. The deposit prepared at 
/)tot = 1.33 kPa had a pebble-like structure as 
shown in Fig. 7a, however, the observation at a 
higher magnification revealed that those pebbles 
were actually composed of  crystalline facets 
(Fig. 7b). This deposit has a (112)  preferred 
orientation. At Ptot = 4 kPa, the deposits were 
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Figure 6 A scanning electron micrograph of the amor- 
phous deposit prepared at Tale p = 1050 ~ C and Ptot = 
4 kPa. 

in the form of hexagonal pyramids with sizes of 
0.1 to 0.3 mm having a preferred orientation of 
(001) (Fig. 7c). At P, ot = 8 kPa, they appeared 
as grains of sizes 0.1 to 0.2 mm, consisting of 
piled up hexagonal plates with a preferred orien- 
tation of (0 0 1) (Fig. 7d). 

Fig. 8 shows the scanning electron micrographs 
for the deposition surfaces of the r-type deposits 
prepared at Tde p = 1450~ and Ptot  = 1.33 to 
10.7 kPa. At Ptot = 1.33 kPa, they appeared as 
grains with sizes below 0.1 mm. Their facets were 
observed to be not well developed (Fig. 8a). This 
deposit had a (001) preferred orientation. At Ptot 
= 8 kPa, grains consisting of piled c-facets of 
13-Si3N4, having a (001) preferred orientation, 
were observed (Fig. 8b). At Ptot = 10.7 kPa, the 
well developed hexagonal c-facets have appeared 

Figure 7 Scanning electron mierographs o f  the a-type deposits prepared at Tde p = 1250 ~ C. (a)Ptot = 1.33 kPa; (b) a 
higher magnification of  (a); (c) Ptot  = 4 kPa; (d) Ptot  = 8 kPa. 
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Figure8 Scanning electron micrographs of the ~3-type 
deposits prepared at Tale p = 1450 ~ C. (a)Pto , = 1.33 
kPa; (b)Pto t = 8 kPa; (c) Pro t = 10.7 kPa. 

(Fig. 8c). This deposit had a (101)  preferred 
orientation. 

3 .4 .  Ti c o n t e n t  
Figs 9 and 10 show the influences of  Taep and 
Ptot on the Ti content in the deposits. As is clear 
from Fig. 9 the Ti content decreases with increasing 
Tdep in the Td~p range of  1050 to 1450 ~ C. In Fig. 
10, the Ti content decreases with increasing Ptot 
in the range of  1.33 to 4 kPa. The Ti content 
remained almost constant in the range of  4 to 
10.7kPa at Taep between 1150 and 1450~ C. The 
maximum content was 24.8 wt % at Tdep = 1150 ~ C 
and Pto~ = 1.33 kPa, and the minimum was 2.1 wt % 
at Tde p = 1450 ~ C and Ptot = 8 kPa. 

3.5. State of  Ti in d e p o s i t s  
Fig. 11 shows an X-ray diffraction pattern of  the 
amorphous deposit having a high Ti content 
(24.1 wt %) prepared at Taep = 1050~ and 
Ptot = 4 kPa. Very broad peaks at 20 = 36.6, 
42.5, and 62.0 ~ are observed. These peaks corre- 
spond to (1 1 1), (200)  and (220)  reflections o f  

TiN, respectively. From the half-value width of  
these peaks, the crystallite size of  TiN was roughly 
estimated to be 3 nm. X-ray diffraction peaks of  
TiN were not detected for the a- and /3-type 
deposits. This absence of  the peaks may be due to 
the low Ti content and overlapping of  the diffrac- 
tion peaks of  TiN with those of  a- and 13-SisN4. As 
reported in [9], the existence o f  TiN in that crys- 
talline deposits was confirmed by a transmission 
electron microscopic observation. Therefore, the 
deposits prepared by CVD of  the SiCI4-TiC14- 
NH3-H2 system are composites o f  Si3N4-TiN. 
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Figure 9 Effect of Tde p on the Ti content in the deposits. 
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4. Discussion 
The structure of CVD-SisN4 prepared by many 
investigators in powder, thin film, coating and 
bulk forms were mostly amorphous or ~x-crystalline. 
In some works [4, 5, 10], however, the formation 
of ~-SiaN4 has been recognized. Landingham and 
Taylor [4] reported the formation of crystalline 
deposits composed of a-SiaN4, /3-Si3N4, A1N 
and some unknown phases at the end of the gas- 
inlet tube when they performed CVD of a SiC14- 
A1C13-NH3-H2-02 for the purpose of preparing 
a Sialon. However, no description of the ~-SisN4 
content was given in their paper. Nickl and 
Braunmtihl [5] obtained a deposit consisting of 
free Si and a-SiaN4 at a temperature of 13000 C 
from CVD of a SiC14-N2-H2 mixture, and also 
reported the observation of some diffraction lines 
which may be attributed to the existence of 
/~-SisN4. Kijima et aL [10] obtained a mixture 
of a- and/3-Si3N4 at 1300 to 1400 ~ C from CVD 
of SiC14-N2-H2 and reported that a large num- 
ber of crystals were identified as a-SiaN4. 

For a comparison, CVD of a SiC14-NH3-H2 

system was conducted at the following conditions: 
Tde p = 1050 to 1450 ~ C, Ptot = 4 kPa and flow 
rates of 136 (SiCh), 120 (NH3) and 2720 (H2)cm a 
rain -1. a-Si3N4 was formed at Tdep = 1450~ 
and amorphous Si3N4 was obtained at Tdep below 
1350 ~ C. On the other hand, for the SiC14-TiC14- 
NH3-H= system, as shown in Fig. 3, a-SisN4 was 
formed together with a small amount of ~-Si3N4 
at Tdep = 1250 ~ C. Moreover, /~-Si3N4 was the 
main product at the higher temperatures of  Tdep = 
1350 and 1450 ~ C. This result indicates that the 
addition of TIC14 lowers the deposition tem- 
perature of a-Si3N4 and promotes the formation 
of/~-Si3 N4. 

In order to confirm this finding on the effect of 
adding TIC14, CVD of the SiC14-NHa-H2 system 
was conducted at Tde o = 1350~ and/)tot = 4 
kPa, followed by CVD of the SiC14-TiC14 - N H s -  
H2 system at the same Tdep and Prof. Fig. 12 
shows a scanning electron micrograph of a cross- 
section of the deposit: Part a corresponds to the 
amorphous SiaN4 deposit and Part b is the/~-type 
deposit. In Fig. 12, Parts a and b have different 
fractographs, corresponding to the characteristics 
of the amorphous and the polycrystaUineceramics, 
respectively. 

In order to obtain some information on the 
formation mechanism of/~-Si3 N4, a heat-treatment 
was performed on the amorphous deposit prepared 
at Tdep = 1150~ and Ptot = 4 kPa from the 
SiCh-TiC14-NHa-H2 system. A six hour heat- 
treatment at a temperature of 1400 ~ C in Ar flow 
crystallized amorphous SiaN 4 to a-SiaN4 but 
not to r On the other hand, as described 
earlier,/3-Si3N4 was obtained at the low Td~p of 
1250 ~ C. These results imply that the formation 
of/3-SisN4 is a direct result of the CVD process. 

The lattice parameters of a- and/3-Si3N4 have 
been measured by many investigators. The values 
that have been reported are: ao - 0.7748 to 
0.7818 nm and Co = 0.5591 to 0.5627 nm for 
a-Si3N4 [11-21] and ao = 0.7595 to 0.7609nm 
and Co = 0.2902 to 0.2911 nm for/~-Si3N4 [11-15, 
22 -24 ] .  Because the lattice parameters of a -  

3; 20 25 ' 
2e (Cu K=( ) 

} I I 

60 65 

Figure 11 An X-ray diffraction 
pattern of the amorphous 
deposit prepared at Tale p = 
1050 ~ C andPto  t = 4 kPa. 
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Figure 12 Cross-sectional structure of the deposit prepared 
at Tde p = 1350 ~ C and Ptot = 4 kPa (a) the amorphous 
deposit obtained from the SiC14-NH~-H 2 system; (b) 
the 13-type deposit obtained from the SiC14 -TIC1, -NH 3 - 
H2 system. 

and fl-Si3N4 matrices found in CVD Si3N4-TiN 
composites lie in the range of these reported 
values, the sofid solubility of TiN in Si3N4 is not 
thought to be significant. At the present time 
measurement of the lattice parameters for a- 
and fl-Si3N4, obtained under different conditions, 
are underway. 

There have been several studies made on the 
preferred orientation of CVD Si3N 4 (c~-SisN4). 
Niihara and Hirai [20] reported that the preferred 
orientation of the a-SisN4 deposit from S i C 1 4 -  

NH3 was (11 1) at a low Pro, and high Tae p and 
was (11(3) and (210) at a high Ptot and low 
Tdep. Moreover, I-Iirai et al. [21] pointed out 
that in the CVD of the same system the (1 1 1) 
orientation became more prominent as the flow 
rate of SIC14 is increased. Gebhardt etal. [25] found 
a (0 0 1) orientation for an a-Sis N 4 deposit prepared 
from SiC14-NHa, and a (1 10) orientation for a 
deposit from SiFa-NH s. Galasso et al. [19] con- 
ducted a CVD of SiF4-NH 3 and reported that most 
of the o~-SisN 4 deposits had the (1 1 1) orientation 
but (0 0 1) orientation was also sometimes observed. 
The a-type deposits obtained in the present study 

have none of the (11 1), (1 10), and (2 I0) orienta- 
tions. Although various factors such as the raw 
materials, the substrate, deposition temperature, 
gas flow rate, and the total gas pressure have an 
effect on the preferred orientation, the emergence 
of the (001) orientation of the a- and 13-type 
deposits in the present study may be related to the 
co-deposition of TiN. A configuration of TiN in the 
Si3N4-TiN composities has been described in [9]. 
forthcoming paper [9]. 

5. Conclusions 
(a) CVD of the SiC14-TiC14-NHs-H2 system 
was carried out in the range of Tale p = 1050 to 
1450"C and Ptot = 1.33 to 10.7 kPa. In the 
process a black deposit in the form of plate, 
with the maximum thickness of 1.9 mm, was 
obtained. 

(b) The Ti content in the deposits decreased 
with increasing Tde p and Ptot. The maximum 
content was 24.8 wt % at Tale p = 1150~ and 
Ptot = 1.33 kPa, and the minimum was 2.1 wt % 
at Td~p = 1450~ and Ptot = 8 kPa. Since Ti 
existed in a form of TiN, the deposits obtained 
in this study can be explained as composites of 
Si3N4 and TiN. 

(c)The structure of the Si3N4 matrices 
depended on Ta~ p and Pto~. At Tamp = 1050 and 
1150~ the amorphous deposit was obtained. 
At Tae p = 1250 ~ C, the crystalline Si3N4 deposit, 
mainly consisting of s-phase (72 to 96 wt %), 
was formed at Ptot = 1.33 to 8kPa and the 
amorphous deposit was formed at Ptot = 10.7 kPa. 
At Tae p = 1350 and 1450~ the crystalline 
deposit, consisting mainly of r-phase (91 to 
100 wt %) was preferentially obtained. 

(d) The addition of TIC14 to the SiC14-NH3- 
H2 system had the effect of lowering the deposition 
temperature of the a-Si3N4 and promoting the 
formation of the fl-SisN4. 

(e) The lattice parameters of a- and 13-Sis N4 in 
the CVD Si3N4-TiN composites were close to 
those of pure Si3N4. The a-Si3N4 matrix mainly 
showed (001) preferred orientation and the 
~-SiaN4 matrix had (001) and (101) preferred 
orientations, depending on Td~p and Ptot. 

(f) The surface morphology of Si3N4-TiN 
composites well reflected the structure of the 
Si3N4 matrix; i.e., while the deposition surface of 
the amorphous deposits showed the pebble struc- 
ture, that of the crystalline deposits consisted of 
various kinds of  facets. 
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