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Results on the deposition of titanium nitride on AISI M2 tool steel-type substrates by pyrolytic 
laser chemical vapour deposition are reported. Spots of TiN were deposited from a gas mixture 
of TiCI 4, nitrogen and hydrogen using a continuous wave quasi-TEMoo C02 laser beam. The 
morphology and the structure of the deposited material were investigated by optical 
microscopy, scanning electron microscopy and X-ray diffraction. The chemical composition 
was studied with a scanning electron microscope with an energy dispersive spectrometer, and 
with an electron probe microanalyser. The topography of the coating was analysed with a 
stylus profilometer and different thickness profiles were measured depending on the laser- 
power densities and irradiation times. The morphology of the films showed a strong 
dependence on the laser-power density, interaction time and partial pressure of TiCI4. 

I .  I n t roduct ion  
Titanium nitride (TIN) belongs to the group IVB 
transition metal (titanium, zirconium, hafnium) nitri- 
des and has been extensively studied during the last 
few years [1]. Because of its excellent physical and 
chemical properties (high melting point, high hard- 
ness, low coefficient of friction, low diffusivity and high 
thermal and electrical conductivities, chemical 
stability), titanium nitride has been considered a good 
candidate for a wide variety of technological applica- 
tions. Beyond their more traditional field of applica- 
tion as protective coatings against wear and corrosion, 
titanium nitride coatings have also been used as op- 
tical coatings [2, 3], in low-resistivity contacts [-4] and 
as diffusion barrier layers for very large-scale integra- 
tion metallization in silicon device technology [5, 6]. 
In addition, because of its attractive gold colour, 
titanium nitride is also very often used in decorative 
finishes. 

Thin films and coatings of TiN have commonly 
been deposited by various physical vapour deposition 
(PVD) and chemical vapour deposition (CVD) 
methods [7]. However, for localized surface protec- 
tion, as required in electronic or micromechanical 
applications, it is more advantageous to use a depos- 
ition technique that can lead to the desired small-size 
deposit in a single step. Laser-induced chemical va- 
pour deposition (LCVD) is a selective-area deposition 
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process that has been extensively employed to deposit 
a wide variety of materials useful in microelectronics 
[8, 9]. 

A few studies involving the use of LCVD for 
depositing titanium nitride films have been previously 
reported by the authors [10, 11] and by Hopfe et al. 

[12]. Thermodynamic calculations by Knights [133 
showed that TiN can act as a protective interlayer 
between amorphous silica or amorphous alumina coa- 
tings and several underlying alloys, in particular In- 
coloy 800H. The deposition of TiN on substrates of 
this high-temperature material was investigated 
earlier and the results summarized in previous papers 
[10, 11]. The aim of the present work was to deposit 
hard coatings of titanium nitride on high-speed steels 
for cutting tools application. 

2. Experimental procedure 
The deposition system, shown schematically in Fig. 1, 
consists of a stainless steel vacuum chamber, a 
high vacuum pumping system based on a cryogenic 
pump, a reactant gas supply system and a continuous 
wave CO 2 laser operating dominantly in the TEMoo 
mode [10]. 

The infrared laser radiation is incident on the sub- 
strate at normal angle and the power density is con- 
trolled by varying the laser output power, P~, and by 

0 0 2 2 - 2 4 6 1  �9 1994 Chapman & Hall 



r CO 2 laser 

I 

Gate valve 

~ f ~ r  CuNimirror 

J ' ~ ~ ZnSelens 

~ t l  ZnSe 

bstrate 

XY stage 

Heater 

TiCI 4 
Water cooling 

system I 

Cryogenic 
pump 

Figure 1 Schematic illustration of the laser chemical vapour deposition (LCVD) system. 
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modifying the position of the focal point with respect 
to the surface of the samples. The results reported here 
were obtained for P~ in the range 500=700 W, with the 
beam focused either 17 or 30 mm above the substrate 
surface. Owing to its small divergence, it can be 
assumed that the beam is focused on the focal plane of 
the positive ZnSe lens and the laser spot diameter at 
the substrate surface, ds (at 1/e 2 of maximum intens- 
ity), could be estimated as 0.9 or 1.6 mm, respectively, 
using Equation (5) in [14]. Thus, the power density or 
irradiance, I, which is given by 

4P~ I = ( 1 - e  - 2 ) ~  (1) 

took values in the range (2-10) x 104 Wcm -2. In this 
study the laser irradiation times were varied from 
0.5-10 s. 

The experiments were conducted in a closed cham- 
ber. Prior to any deposition experiment, the chamber 
was evacuated to a base pressure of 5x  10-6torr  
(1 torr = 1.333 x 102 Pa) and then filled with titanium 
tetrachloride, nitrogen and hydrogen at a total pres- 
sure of 207 torr. The titanium tetrachloride (TiCt4) is 
liquid at room temperature. In order to provide suffi- 
cient vapour pressure, its container and pipework 
were heated to 55 ~ resulting in a vapour pressure of 
52 torr. Then the vapour was pumped into the reac- 
tion chamber through a needle valve, and the working 
vapour pressure of TiC14 was controlled by a variable 
temperature finger located inside the reactor and 
measured with a capacitance manometer. Two differ- 
ent partial pressures of TiC14 were used, 7 and 10 torr, 
with the partial pressure ratio p(N2)/p(H2) o f N  2 to H2 
being kept constant at 1 in all the experiments. 

The steel used in this study was a commercially 
available AISI M2 tool steel, with a spheroidized 

microstructure resulting from an annealing treatment. 
Its chemical composition (wt %) was 0.97 C, 0.21 Mn, 
4.90 Mo, 3.88 Cr, 1.67 V, 0.22 Si, 0.07 S, 0.03 P, 6.40 W, 
balance Fe. Cylindrical samples 1 cm high, trans- 
versely cut from a 2 cm diameter bar, were used as 
substrates. The specimens were conventionally heat 
treated by austenitizing for 5 rain at 1220~ quen- 
ching in oil and then tempering three times at 550 ~ 
for 2 h. After the heat treatment, the samples were 
ground with metallographic SiC paper to 220 grit 
finish and cleaned in an ultrasonic bath of acetone. 
They were then mounted on a X - Y  stainless steel 
motorized table located inside the deposition 
chamber. 

After deposition, the topography of the surface was 
studied with a Hommel T2-2 stylus profilometer and 
the microstructure of the films observed without any 
previous preparation by optical microscopy and scan- 
ning electron microscopy (SEM), using both second- 
ary and backscattered electrons. The films were also 
observed on polished transverse cross-sections of the 
samples by scanning electron microscopy. Qualitative 
and semiquantitative chemical microanalysis was per- 
formed on some films with an energy dispersive spec- 
trometer (EDS). Furthermore, X-ray image maps were 
recorded with an automated SX50 CAMECA electron 
probe microanatyser (EPMA) to evaluate the distribu- 
tion of selected elements across the surface of the 
samples. X-ray diffraction was performed with a pow- 
der diffractometer using CuK,  radiation. 

3. R e s u l t s  
Fig. 2 shows the general appearance of the TiN spots 
deposited by LCVD from a reactive atmosphere con- 
sisting of TIC14, nitrogen and hydrogen, with a 
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Figure 2 Optical micrographs of the CO 2 laser-induced deposition 
of titanium nitride on M2 tool steel substrate. Processing condi- 
tions: p(TiC14)= 7 torr; (a) I = 6.7x 104Wcm -a and t = 6 s, 
(b) I = 2.7 x 104 Wcm -2 and t = 8 s. 

stationary CO2 laser beam. In Fig. 2a the film depos- 
ition lasted for 6 s and was carried out under a laser- 
power density of 6.7 x 104 W cm - 2. Several concentric 
regions indicated by A, B, C, with different colours 
and morphologies may be observed on going from the 
centre to the periphery of the spots. Whenever a 
relatively high laser-power density was used to induce 
film deposition, just as in the previous case, a radially 
corrugated region appears which overlaps the zone 
marked B in the spots. This zone becomes smoother at 
shorter interaction times or when the laser irradiance 
is lower, as in Fig. 2b. Both A and B zones are gold- 
coloured while the border of the spots (zone C) is 
usually blue, sometimes appearing as bluish black. 
The changes of morphology and colour from the 
centre to the periphery are associated to the radial 
temperature distribution, and to different chemical 
reactions at the substrate surface, induced by the quasi 
gaussian energy profile of the laser beam. 

The topography of the surface of the films is also 
strongly influenced by the laser processing para- 
meters. In fact, three types of profile were obtained 
depending on the laser-power density and irradiation 
time. In Fig. 3, four thickness profiles are represented, 
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which were measured on spots deposited at two differ- 
ent values of the laser irradiance, 2.7 x 104 and 6.7 
x 104W cm-2,  for different interaction times. As can 

be seen from the figure, when low power densities 
were used (~< 2.7 x 104 Wcm-2) ,  the spots show a 
broad gaussian type profile, even for the longest inter- 
action time considered (Fig. 3a and b). Otherwise, the 
thickness profiles show a central depression associated 
with the well-known volcano-like shape [15-17] 
(Fig. 3c). In the limiting case of high power densities 
and long interaction times, melting of the film/sub- 
strate, as a whole, can occur at the centre of the 
deposits (Fig. 3d). In addition, it should be noted that 
all the profiles show a lack of material in the peri- 
pheral region of the spots suggesting that etching of 
the substrate has occurred. 

In order to illustrate the typical structures found in 
the films, an example is given in Fig. 4 where the 
scanning electron micrographs show the microstruc- 
tures developed in the different regions of the spots 
deposited at 6.7 x 104 W c m  -2. The central zone A is 
always formed by cube-shaped crystals with a mean 
edge of a few tenths of a micrometre (Fig. 4a). The 
microstructure of the radially corrugated region B 
(Fig. 4b) consists of juxtaposed platelets whose mean 
size varies between 0.2 and 2.2 gm for the interaction 
times considered here (between 0.5 and 10 s, respect- 
ively). The peripheral zone C is usually characterized 
by a fine granular structure as shown in Fig. 4d. 
However, in a few cases, a columnar microstructure, 
where the main growth axis is radially oriented, mak- 
ing a small angle with the substrate surface (Fig. 4c), 
could be observed in this region. 

The micrograph in Fig. 5 shows the cross-section of 
zone B, after a final polishing with 1 gm diamond 
paste, of a deposit obtained at the same irradiance as 
above and with an interaction time of 6 s. It can be 
seen from this figure that the film is very dense with 
good adherence and no visible spallation. 

As mentioned in Section 2, we have carried out 
qualitative chemical analysis both with EDS micro- 
analysis and EPMA. Results of EDS analysis at the A 
and B zones show an intense titanium peak, parti- 
cularly when the stationary electron beam was con- 
centrated on one of the cubic shaped crystals of zone A 
(Fig. 6). Similarly, an intense titanium peak was ob- 
served when the EDS microanalysis was performed at 
half the thickness of the cross-sections of the deposits. 
X-ray image maps were performed in order to study 
the spatial distribution of selected elements at the top 
of the coatings. We chose titanium and iron as refer- 
ence elements. Nitrogen was not considered because 
its analysis by EPMA is very complex owing to the 
superposition of the Ti L~ line at 3.14nm with the 
nitrogen K s emission at 3.16nm. We also were parti- 
cularly interested in detecting the presence of elements 
such as chlorine and oxygen in order to know about 
possible contaminants in the films. The typical dis- 
tributions of the four selected elements are illustrated 
in Fig. 7 for a spot deposited at a power density of 2.7 
x 104 W c m -  z and an interaction time of 8 s. It can be 
seen that zone B contains the strongest titanium 
signal, while this element is absent from the outer rim 
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Figure 3 Thickness profiles of LCVD TiN spots deposited on to AIS[ M2 steel at various laser-power densities and interaction times. (a) I 
= 2.7 x |04 W c m  - 2 ,  tln, = 2 s; (b) I = 2.7 x 104 W c m  -2, t~n t = 8 s; (c) I = 6.7 x 104 W c m  2, t~.~ = 6 s; (d) I = 6.7 x 104 W c m  2,tlm = 10 s. 

Figure 4 SEM image of (a) zone A, (b) zone B and (c, d) zone C of TiN deposits grown at 6.7 x 104 W c m - 2  for (a c) 10 s or (d) 4 s. 
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lites. Because they are very small in the central zone, as 
mentioned previously, this influence is more clearly 
observed in zone B, compared to the central zone A. 
Fig 8a-d show how the grain size in zone B changes 

Figure 5 Scanning secondary electron micrograph of a cross-sec- 
tion of LCVD TiN-coated AISI M2 at a laser-power density of 
6.7 x 10 4 Wcm -2 for 6 s. 
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Figure 6 EDS microanalysis performed on the centre of the spot 
shown in Fig. 2b. 

Figure 7 X-ray image mapping of the O, C1, Ti and Fe elements for 
the spot presented in Fig. 2b. 

of zone C. Conversely, we observed here considerable 
amounts of iron and oxygen. The amount of chlorine 
is negligible. 

We have studied the influence of the laser-power 
density and interaction time on the size of the crystal- 
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Figure8 Variation of the crystallites size with deposition para- 
meters.(a) I = 6 . 7 x 1 0  4 W c m  2, t = 6 s ; ( b )  l ~ 6 . 7 x 1 0  4 w c m  -2, 
t = 8s;(c) I = 9.3 x 10 4 Wcm -2, t = 6s;(d) I = 9.3 x 10 4 Wcm -2, t 
- 8 s .  



with the processing parameters. It can be seen that for 
a given value of laser irradiance the crystallites are 
bigger for longer irradiations (a~b,  c--,d). Conversely, 
they are smaller when the films are deposited at higher 
laser-power density keeping the interaction time con- 
stant (a-*c, b~d) .  Measured values of the mean grain 
size as a function of the interaction time are plotted in 
Fig. 9 for two different values of laser irradiance. We 
have also investigated the grain-size dependence on 
the partial pressure of the TiC14 precursor. As depicted 
in Fig. 10, the TiN crystal size decreases when the 
partial pressure of TiCt 4 increases. 

X-ray diffraction was also carried out on several 
samples. In spite of the small amount of deposited 
material, the small size of the spots and the many 
carbides present in the substrate, there are features in 
the X-ray diffraction spectra that lead to the conclu- 
sion that the films consist of crystalline titanium ni- 
tride. In fact, despite their weak intensity, several lines 
in the experimental diffraction pattern may be ob- 
served at the Bragg angles that correspond to the TiN 
diffraction peaks: (1 1 1), (220), (3 1 1), (222) and 
(400). 

2 . 5  * ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' I ' ' ' 

A 2.0 
E 

01 

.N_ 1.5 
r 

~, t .o  
E 

09 

~ 0 . 5  

0.0 
0 2 4 6 8 10 

Interaction t ime (s) 

Figure 9 Influence of the interaction time on the size of the crystalli- 
tes of zone B at two different laser irradiances: (11) 6.7 
x 10 4 Wcm -z, (D) 9.3x 10 4 Wcm -2. 
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Figure 10 Influence of the partial pressure of TiC14 on the mean 
grain size of the films deposited at 9.3 x 104 Wcm-Z: ([~) 7 torr, ( , )  
10 tort. 

4. D i s c u s s i o n  
The results of X-ray microanalysis, X-ray diffraction 
and the golden colour of the films suggest that depos- 
ition of TiN was achieved. The topography of the 
deposited material is important in many applications 
and the most useful line shape is the flat-topped 
deposits with rectangular edges. In the LCVD pro- 
cesses this geometry can be achieved with homogen- 
ized laser-beam profiles. However, when a gaussian 
beam is used, sharp edges are difficult to obtain owing 
to the quasi gaussian surface temperature distribution 
induced by the laser beam, and leading to an analog- 
ous shape of the deposited material. Nevertheless, films 
with quasi gaussian distribution of thickness can  be 
used as anti-gaussian absorption filters, and therefore 
may be of great use in optical information processing 
as pointed out by Xuebiao et al. [18]. Increasing the 
laser irradiance has the effect of increasing temper- 
ature at the centre of the laser spot and the thickness 
profile of the films becomes double-humped. Explana- 
tions given to account for this volcano-like shape have 
been based on high chemical reaction rates, convec- 
tion from the surface, low sticking coefficients and 
melting, and even evaporation, at the centre of the 
heated spots. Of the several theoretical models pro- 
posed in order to understand the basic mechanisms of 
LCVD processes, some of them [16, 19-21] yield 
deposits with volcanic morphology. Recently, Conde 
e~ at. [22] applied Kar  et al.'s model [21] for studying 
the spatial variation of the thickness of TiN spots 
deposited on to Incoloy 800H substrates by pyrolytic 
LCVD with a continuous wave TEMoo CO2 laser 
beam, and from a reactive atmosphere consisting of 
TIC14, nitrogen and hydrogen. Owing to the lack of 
information on the chemical reaction mechanism and 
chemical kinetics they assumed that the rate of forma- 
tion of TiN is first-order on the TiC14 concentration. 
The volcanic profile observed under some conditions 
[11] was reproduced by assuming that the sticking 
coefficient, y, of TiN at the substrate surface is temper- 
ature dependent. The best agreement with the experi- 
mental results was obtained for a linear decrease of 7 
from 1 to 0 when the temperature increases from 1473 
K to 1640 K. In the present work, we can clearly 
conclude that high power densities should be avoided 
to prevent the formation of the volcanoes. The non- 
uniformity of the temperature across the laser-beam 
diameter and the fact that there exists a steep temper- 
ature gradient at the substrate surface may explain not 
only the topographies described above, but they also 
suggest that a strong convection can develop in the 
vapour phase, particularly when the laser irradiance is 
high, which is responsible for the appearance of the 
radially corrugated zone in the deposited material. 

The microstructures observed in the different zones 
could be an indication that the deposition regime of 
the central zone A is different from the deposition 
regime of the other zones. The central zone corres- 
ponds to the highest deposition temperature and the 
most probable deposition regime is the mass-trans- 
port controlled one, which is determined by the bal- 
ance between the diffusion rate of the various species 
inside the LCVD chamber and the chemical reaction 
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rate constant. Probably, the beginning of the radially 
corrugated zone B marks the end of this regime. The 
juxtaposed platelets that characterize zone B are 
highly anisotropic crystals and suggest that the depos- 
ition in this zone could be kinetically controlled be- 
cause plate-like crystals grow in kinetic rather than in 
diffusion regime [23]. 

For  a given laser-power density, the mean size of the 
TiN crystallites increases with the interaction time 
because of the dependence of the growth rate on the 
maximum temperature attained, which increases with 
irradiation time. Conversely, it can be seen from Fig. 9 
that increasing the laser irradiance from 6.7 
X 10 4 Wcm -2 to 9.3 x 104 Wcm -2 decreases the 

crystal size by a factor of almost 2. Using an in- 
stantaneous point-source model [24] we estimated 
that within the range of interaction times studied, the 
temperatures attained under an irradiance of 6.7 
x 104 W c m  -2 are lower than those attained at 9.3 
x 104 W cm -z. Therefore, a possible explanation for 
our r6sults could be the existence of a maximum on 
the growth rate as a function of temperature at which 
the grain-growth rate would start to decrease as the 
temperature continues to increase [25-1. 

The decrease of the grain size with an increase of the 
partial pressure of TiCI4 brings out the strong depend- 
ence of the nucleation rate of the titanium nitride on 
the partial pressure of the TiC14 precursor. As the 
supersaturation increases, the nucleation rate in- 
creases, decreasing the crystal size. This behaviour was 
also observed by Kim and Chun [26] in the case of 
TiN films deposited by conventional CVD from a gas 
mixture analogous to that considered in this study. 

The lack of material in the peripheral regions of all 
spots profiles is not fully understood at present, but it 
is believed that this is due to secondary chemical 
reactions that are favoured at low temperatures. We 
have plotted in Fig. 11 the Gibb's free energy change 
with temperature for the two reactions shown in the 
figure and calculated by using data given elsewhere 
[27, 28]. At low temperatures and in the presence of an 
iron source, the most probable reaction of TiN forma- 
tion is the reduction reaction of titanium tetrachloride 
by the iron, leading to the formation of iron dichloride 

-50 

v ~-IOO < 
-150 

5 0  , , , , f , , , , i , , , , i , , i , i , , , " ,  

0 - - -  ...... 

- 2 0 0  . . . . .  I . . . .  ' . . . .  I . . . .  , . . . .  
0 5 0 0  1 0 0 0  1 5 0 0  2 0 0 0  2 5 0 0  

T ( K )  

Figure 11 Gibbs' free energy change versus temperature for Reac- 
tions I and II. 
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(FeC12), Reaction II. This result was put in evidence 
experimentally by Michalski and Wierzchon [29], 
who showed that the presence of an iron source in 
CVD process from a gas mixture of TIC14, nitrogen 
and hydrogen is a prerequisite for the synthesis of 
titanium nitride at temperatures below 950 ~ There- 
fore, the lack of material that can be observed on the 
outer regions of the laser-deposited titanium nitride 
spots can be attributed to the predominance of Reac- 
tion II (Fig. 11), yielding the formation of iron dichlor- 
ide that evaporates when the temperature increases 
( g 1000 ~ resulting in substrate etching. These re- 
gions overlap the blue zones mentioned previously. 
Munster et al. [30] reported, for the same chemical 
system as ours, a blue coloured compound forming 
between 500 and 600 ~ attributed to an incomplete 
reduction reaction~ They suggested that is could be an 
impure form of titanium nitrochloride (TiNC1). How- 
ever, our X-ray image maps show no considerable 
amount of chlorine that would support this hypo- 
thesis. It is more likely that the bluish colour that can 
be seen in the peripheral regions of the spots is due to 
the formation of titanium pentoxide (Ti305), origin- 
ated from the reaction of titanium with the oxygen 
present in the residual atmosphere. This oxide is 
characterized by a bluish black colour and can be 
stablized at room temperature by a small amount of 
iron [31]. 

5 .  C o n c l u s i o n  

We have shown that deposition of TiN on AISI M2 
tool steel substrates may be successfully achieved by 
pyrolytic LCVD using a continuous wave CO2 laser. 

The deposited spots show several concentric poly- 
crystalline regions characterized by different micro- 
structures. Also, different surface profiles were 
obtained depending on the laser-power densities and 
irradiation times. For moderate laser-power densities 
and interaction times, dense films with good adher- 
ence and a quasi gaussian line shape were obtained. If 
a kinetically controlled deposition is intended and/or  
the volcano-like effect is to be avoided, then low laser- 
power densities should be used. 

For  the laser irradiance and interaction time ranges 
investigated in this study, a lack of material is shown 
on the outer rim of the spot profiles, which may be 
attributed to the formation at lower temperatures of a 
low iron chloride that evaporates when the temper- 
ature increases. 

The TiN grain size is an increasing function of the 
irradiation time and a decreasing function of the 
partial pressure of the TiCI 4 precursor. High power 
densities can play an important role in the grain- 
growth rate, limiting the grain growth. 
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