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Morphology and preferred orientation of 
titanium nitride plates prepared by chemical 
vapour deposition 
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Institute for Materials Research, Tohoku University, Sendai 980, Japan 

Thick titanium nitride (TiNx; x =  0.74-1.0) plates (up to 2 mm thick) were prepared by chemical 
vapour deposition using TiCI4, NH3 and Ha as source gases at a total gas pressure, Ptot, of 4 kPa, 
deposition temperatures, Taep, from 1373-1873 K, and NHa/TiCl4, mN/'ri, gas molar ratio from 
0.17-1.74. The effects of deposition conditions on morphology, preferred orientation and 
composition of CVD-TiNx plates were investigated. Surface morphology changed from faceted to 
nodular texture with increasing mNrr~ and T0ep. The faceted and nodular deposits showed columnar 
and shell-like fracture cross-sections, respectively. The composition (x = N/Ti) increased with 
increasing mN/Ti and Tdep below mN/Ti ---- 1.0, and was constant above mN/Ti = 1.0. Three kinds of 
preferred orientations were observed: (1 00) orientation at low Tee0, (1 1 O) orientation at 
intermediate /dep and low mwt~, and (1 1 1 ) orientation at high /dep and high mNrn. This tendency 
is discussed thermodynamically, and explained as being due to changes in the degree of 
supersaturation in the gas phase. 

1. Introduction 
Titanium nitride film is widely used as a coating ma- 
terial due to its high melting point, hardness and good 
erosion/corrosion resistance [-1]. However, the intrin- 
sic properties of TiNx film are not well understood 
because such film prepared by physical vapour depos- 
ition (PVD) [2-5] or chemical vapour deposition 
(CVD) [3, 6-9] are usually too thin to measure many 
properties. Therefore, it is necessary to prepare mass- 
ive, highly pure TiN~ plates to investigate the relation- 
ship between intrinsic properties and microstructures 
of TiN~. 

CVD is one of the most suitable techniques for 
preparing high-purity materials. So far, no papers 
have been published on the preparation of CVD-TiN~ 
plates with a thickness of more than 1 mm. Until now, 
CVD-TiNx film has been prepared mainly using the 
TIC14 + N2 + H2 system. Nearly all the papers have 
reported that deposition rates were about several 
micrometres per hour and that the thickness ranged 
from several tens to several hundreds of micrometres 
E6-12]. 

We prepared thick plates of CVD-Si3N4 [13], 
CVD-A1N El4], CVD-BN [15], etc., at high depos- 
ition rates of around 1 mm h-1 using a combination 
of a cold-wall type CVD reactor, a nozzle with double 
tubes for blowing gas and ammonia gas as a nitrogen 
source due to its high reactivity. In the present work, 
thick (up to 2 mm) CVD-TiN~ plates were prepared 
by using the above-mentioned technique at high de- 
position rates (about 0.4 mm h- 1 maximum). 

In this study, the optimum CVD conditions for the 
preparation of TiNx thick plates in the TIC14 + 
NH3 + HE system were investigated. The effects of 
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deposition conditions on surface texture, composition 
and preferred orientation for CVD-TiNx plates were 
also studied. 

2. Experimental procedure 
Fig. 1 shows a schematic diagram of the CVD appar- 
atus used. TiCI4 liquid (99.99%), NH3 gas (99.9%) 
and hydrogen gas (99.999%) were used as source 
materials. The TiCI4 liquid was bubbled by hydrogen 
gas and the TIC14 vapour was introduced into a cold- 
wall reactor through a quartz nozzle with double 
tubes. NH3 and TIC14 + HE were separately introduc- 
ed into the reaction chamber to reduce the formation 
of NH4C1 powder. Graphite substrates were heated by 
transmission of an electric current. TIC14 and H2 gas 
flow rates were both fixed at constant values. The 
molar ratio TIC14 to NH3 (mN/Ti) was changed by 
controlling the NH3 gas flow rate. Deposition temper- 
atures, Tdep, were varied in the range 1373-1873 K. 
Total gas pressure, Ptot, was kept at 4 kPa. Above 
Ptot = 4 kPa, the deposition temperature could not be 
measured precisely with a two-colour pyrometer ow- 
ing to the large amount of NH4C1 powder formed in 
the gas phase. The deposition conditions are sum- 
marized in Table I. 

Surface textures were examined by a scanning elec- 
tron microscope (SEM). Compositions were deter- 
mined by inductively coupled plasma analysis (ICP) 
and electron-probe microanalysis (EPMA). Preferred 
orientation was studied by a X-ray diffractometer 
(nickel-filtered, CuK~). Lattice parameters, non- 
stoichiometry and the deposition mechanism have 
been reported elsewhere [163. 
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Figure 1 Schematic diagram of the CVD apparatus: (1) n 2 gas, (2) N H  3 gas, (3) gas flow meter, (4) ribbon heater, (5) TiCI4 reservoir, (6) 
constant temperature bath, (7) valve, (8) TiCL + H2 gases inlet, (9) N H 3  gas inlet, (10) reaction chamber, (11) pressure indicator, (12) copper 
electrode, (13) graphite substrate, (14) cold trap, (15) rotary pump. 

Figure 2 Relationship between surface texture and mN/Ti for the CVD-TiNx plates prepared at (a) mN/TI = 0.17, (b) mN/Ti = 1.04, (C) 
mN/Ti = 1.30 and (d) mN/Ti = 1.74. (Td~ = 1573 K) 

3. Results and discussion 
3.1. Microstructure 
Fig. 2 shows the re la t ionship  between surface texture  
and  rnsm of the C V D - T i N x  plates  p r epa red  at  
Tdep = 1573 K. The  faceted and nodu l a r  deposi ts  were 
ob ta ined  be low and  above  mNm = 1.3, respectively.  
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The m o r p h o l o g y  of surface texture main ly  depended  
on m s m .  The re la t ionship  between surface texture  and  
depos i t ion  condi t ions  is depic ted  in Fig. 3. The present  
results are in agreement  with the general  t rend  in 
f indings tha t  the surface texture  tends  to change from 
facet to nodule  with increasing rnx/M, in which X rep- 



T A B L E  I Deposition conditions 

Deposition temperature, Td~p(K) 
Total gas pressure, Pro, (kPa) 
Gas flow rate, FR(m 3 s -  1 ) 

FR (H2) 
F R (TiCI4) 
FR (NH3) 

NH3/TiC14, mN/Ti 
Deposition time, t (ks) 

1373-1873 
4 

3.4 x 10 s 
1.9 x 10 -6 
0.3 x 10-6-3.3 x 10 -6 
0.17-1.74 
7.2-21.6 
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Figure 3 R, elationship between surface texture and deposition con- 
ditions. 

resents non-metal elements such as nitrogen, carbon, 
etc. and M is metal elements such as aluminium, 
silicon etc., as reported for CVD-A1N [-14] and 
CVD-SiC [-17] plates. 

Fig. 4 demonstrates the effect of deposition temper- 
ature, Taep, on surface texture of the CVD-TiNx plates 
prepared at mN/Ti = 0.17. All deposits show the faceted 
texture, and the grain size increased from 3 gm to 
40 gm with increasing Taep. On the other hand, the 
grain size of nodular deposits was almost independent 
of Td~p. 

Fig. 5a and b show the fractured cross-sectional 
surface of faceted and nodular deposits, respectively. 
The faceted deposits have a clear columnar structure, 
while the nodular deposits have a shell-like fracture 
surface. This result is in agreement with those reported 
for CVD-Si3N4 [13] and CVD-SiC plates [17]. The 
grain size near the substrate is very much smaller than 
that near the surface in both types of deposit. 

3.2. Composition 
Fig. 6 shows the relationship between composition, 
x (x = N/Ti )  and mN/Xi. Nitrogen-deficient non- 
stoichiometric CVD-TiNx (x < 1) plates were ob- 
tained below mN/Ti = 1.0, and stoichiometric CVD-  
TiNx (x = 1) plates were obtained above mN/Ti = 1.0. 
The composition, x, increased with increasing 
mNm and Tdep below mNm = 1.0, and x was indepen- 
dent of mN/T~ and Tdev above mNm = 1.0. Teyssandier 
et al. [9] prepared CVD-TiNx films using the 

Figure 4 Effect of deposition temperature, Tdep, on surface texture 
of CVD TiN x plates prepared at Tao p (a) 1373 K, (b) 1573 K and (c) 

1773 K. (mN/Ti = 0.17) 

TIC14 + N 2 + H 2 system at Tdep = 1200-1400 K and 
mN/Ti = 0.25-10, and calculated their composition, x, 
to be in the range 0.63-1.0 by measuring lattice para- 
meters. They reported that stoichiometric TiNx films 
could be prepared at atmospheric pressure (Ptot  = 0.1 
MPa) and non-stoichiometric films (x < 1) at reduced 
pressure (Ptot = 0.7 kPa). 

However, in the present work, both stoichiometric 
and non-stoichiometric CVD-TiNx plates were ob- 
tained by using the TiC14 + NH3 + H2 system at re- 
duced pressure (Ptot = 4 kPa). This difference seems to 
be the result of the higher reactivity of ammonia as 
compared with that of nitrogen gas. 
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Figure 7 Typical X-ray diffraction patterns of oriented CVD-TiNx 
plates prepared at (a) Tdep= 1373K and mN/Ti=0.87, (b) 
Tdep = 1673 K and mN/Ti = 0.17, and (c) Td~p = 1573 K and 
mN/Ti = 0.87; (d) powder pattern. 

Figure 5 Cross-sectional fracture surface. (a) Faceted deposit pre- 
pared at mN/Ti = 0.17 and Td0 p = 1673 K, (b) nodular deposit pre- 
pared at mN/Ti = 1.74 and Tae p = 1573 K. 
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Figure 6 Relationship between composition, x, of CVD-TiNx 
plates and mN/Ti. Tdep(K): (AX) 1873, (A)  1773, (O) 1573, (tD) 1473, 
( �9 1373. 

3.3. Preferred or ientat ion 
Fig. 7 shows typical X-ray diffraction patterns of 
oriented CVD-TiN~ plates. Three kinds of preferred 
orientations, i.e. (100), (110) or (11 1) orientations, 
were observed. 
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Fig. 8 shows the surface texture of typically oriented 
CVD-TiNx plates. The surface texture was closely 
related to the preferred orientation. Fig. 9 may explain 
each orientation by illustrating the shape of the unit 
cell. The hatched areas in the figures are parallel to the 
substrate. In the (1 0 0) orientated deposits~ see Fig. 8a, 
many cubic grains which correspond to Fig. 9a, are 
easily detected. In the (1 t 0) orientated deposits, see 
Fig. 8b, the surface is covered with inclined facets 
which are similar to that shown in Fig. 9b. In the 
(1 1 1) orientated deposits, see Fig. 8c, many triangles 
can be seen as illustrated in Fig. 9c. 

The preferred orientation of the specific (h k l) plane 
can be evaluated by texture coefficient, TC (hkl). 
[7, 18] 

Im(hkl)/1 ~ Im(hkl) 
TC(hk l ) -  ir(hkl)/ni=~ Ir(hkl) (1) 

where Im(h k l) is the measured X-ray relative intensity 
of the (h k l) plane, Ir(h k l) is the relative intensity in 
the powder pattern, and n is the total number of 
reflection peaks. The larger TC values mean a more 
remarkable orientation. If TC(h k l) is less than 1, the 
(h k l) plane has no preferred orientation. 

Fig. 10 depicts the effect of deposition temperature, 
Tdep, on preferred orientation of (100), (110) and 
(111) at mN/Ti=0.34. The preferred orientation 
changes from (100) to (110) to (111) with increasing 
Tdep. The maximum TC values were about 4 for each 
orientation. The relationship between preferred ori- 
entation and CVD conditions is demonstrated in 
Fig. 11. The (100) orientation was dominant at low 
Tdep, the (1 1 1) orientation was significant at high 
Ta,p and high mN/Ti, and the (1 10) orientation was 
observed at intermediate Tdep and low mN/xi. 
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Figure 9 Morphological aspects of TIN=. (a) (100) orientation, (b} 
(1 10) orientation, (c) (1 11) orientation. 

Figure 8 Typical surface texture of oriented CVD TiNx plates. (a) 
(1 00) orientation: Tdop = 1373 K and rnN/Ti = 0.87. (b) (1 1 0) ori- 
entation: Taov = 1673 K and mN/Ti = 0.17. (C) (111) orientation: 
Ta,p = 1573 K and mN/Ti = 0.87. 

Takahashi and Suzuki [11] reported that CVD- 
TiNx films prepared on graphite substrates had no 
orientation in the Tdev range between 973 and 1273 K, 
the (1 00) orientation at Tdep = 1373 K and the (l 1 0) 
orientation above Taev = 1473 K. Sadahiro et al. [10] 
showed that CVD-TiNx films on WC-6%Co substra- 
tes had the (1 1 0) orientation at Tdep = 1273-1373 K. 
Kim and Chun [7] also indicated that CVD-TiNx 
films on WC-6%Co substrates had the (1 0 0) orienta- 
tion at Tdep = 1223-1273 K and the (1 1 0) orientation 
at Tdep = 1373-1423 K. There is a trend that the 
preferred orientation of CVD-TiNx changes from 
(1 00) to (1 1 0) to (1 1 1) with increasing Tdep. This 
trend is consistent with the present work, as shown in 
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Figure 10 Effect of deposition temperature, Tdep, on texture coeffic- 
ient, TC. (D) (1 00), (O) (1 1 0), (A) (1 11). 
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Figure 11 Relationship between the preferred orientation of 
CVD-TiN~ plates and deposition conditions. 
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Figure 12 Effect of deposition temperature, Tamp, on supersatura- 
tion. (�9 STi, (A) SN. 

Fig. 10. However, there have been no reports pub- 
lished on the reason for the preferred orientation of 
CVD-TiNx film. 

Pangarov [19] proposed a model which might ex- 
plain the relationship between orientation of electro- 
deposited metals and supersaturation in a solution: it 
may possibly explain the preferred orientation of 
CVD materials as reported for CVD-A1N [14] and 
CVD-TiB2 plates [20]. According to the calculation 
by Pangarov [19], the preferred orientation of TiNx 
could be changed from (1 1 1) to (1 00) to (1 1 0) with 
increasing supersaturation. The supersaturation, S, in 
the CVD process may be defined as 

Si = n Pin( i ) /y '  n.jP~ q (i) (2) 
J 

where Si is the supersaturation of/species and pi,(i) is 
the partial pressure of i species in the source gas. 
P~q was calculated by the computer code SOLGAS- 
MIX-PV [-21] using thermochemical data [22] of gas 

species in the Ti-N-H-C1 system. Fig. 12 shows the 
temperature dependence of the supersaturation of tita- 
nium-containing species, STy, and nitrogen-containing 
species, SN. SN is almost independent of Tamp, but 
STi has a maximum at about Tamp = 1700 K. Although 
the calculated ST~ above Tdep = 1800 K is almost sim- 
ilar to that below Td~p = 1500 K, it is likely that the 
actual STi above Tdep = 1800 K is much smaller than 
the calculated value due to a large amount of powder 
formation. Therefore, the variation of preferred ori- 
entation with Ta,p may be explained by the change in 
supersaturation. 

4. C o n c l u s i o n s  
Titanium nitride plates up to 2 mm thick were pre- 
pared by CVD using TIC14, NH3 and H 2 a s  source 
gases under the following conditions: Tdop= 
1373-1873 K, Ptot = 4 kPa, and my/Ti = 0.17--1.74. 
The following results were obtained. 

1. The surface texture changed from faceted to nod- 
ular texture with increasing mwT i and Tdep. 

2. The non-stoichiometry of CVD-TiNx was con- 
trolled from x = 0.74-1.0 by changing Tdep and mN/Ti. 
The x value increased with increasing Tdep and 
mN m below mN/Ti = 1.0, and was constant above 
mN/Ti = 1.0. 

3. There were three kinds of preferred orientation 
depending on the CVD conditions: (1 0 0) orientation 
at low Td~p, (1 1 0) orientation at intermediate Td~p and 
low mNm, and (1 1 1) orientation at high Tdep and high 
mN/Ti. The relationship between preferred orientation 
and CVD conditions was explained as being due to 
the change of supersaturation in the gas phase. 
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