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In this paper we used X-Ray diffraction techniques in order to study the microstructural parameters of TiN thin films 
deposited on silicon substrate by cathodic arc method. In terms of preferred orientation, the texture for all TiN thin films can 
be described as <111> || normal direction fiber texture. The residual stresses were evaluated using the crystallite group 
method, applicable for specimens exhibiting a crystallographic fiber texture being simultaneously strong and sharp.  
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1. Introduction 
 
The high hardness and chemical inertness, excellent 

wear-corrosion resistance are the key qualities for the wide 
use of B1-structure titanium nitride (TiN) coatings. As it is 
well known, the performance and lifetime of hard coatings 
depend on important parameters such microstructure, 
crystallographic texture and residual stress [1-3]. 

X-ray diffraction (XRD) is a strong tool for the 
structural analysis of hard coatings. Crystalline structure, 
grain size, microstrain, texture, phase composition and 
residual stress are the most important film characteristics 
that are commonly determined by XRD technique (e.g.  
[4-6]). 

In the work presented here, XRD analysis was used to 
determine lattice parameters, phase composition, texture 
and residual stress of TiN thin films prepared by the 
cathodic arc method under different ion bombardment 
conditions. 

  
1.1 Crystallographic texture of thin films 
 
Texture development in polycrystalline thin films has 

been extensively studied. Generally, the models to explain 
the mechanisms controlling the texture take into account 
thermodynamic and/or kinetic driving forces [7-12]. In the 
case of thermodynamic effects, the preferred orientation is 
considered to be dictated by the condition of minimization 
of the overall film energy, that is the sum of surface and 
strain energy [8,9]. Kinetic driving forces are related to 
anisotropies in adatom mobility's, surface diffusivities and 
collisional cascade effects [12]. Two kinds of textures play 
prominent roles in thin film technology: the fiber-texture 
and the biaxial-texture [6]. A series of methods are usually 
used to investigate texture of polycrystalline thin films: 
calculation of texture factors, ω -scan (rocking curves) 
measurements, φ -scan and pole figures measurements of 
certain X-ray diffraction lines. In the case of 

polycrystalline thin films, the anisotropy of crystallite 
orientation is often encountered. This phenomenon can be 
recognized, in an early stage, from the departure of 
intensity ratios in a symmetrical X-ray diffraction pattern 
corresponding to the thin film sample from the intensity 
ratios of a powder pattern with random orientation. X-ray 
texture analysis is typically performed by means of Schulz 
reflection method [13]. 

 
1.2 Residual stress measurement  
 
X-ray diffraction is commonly used to measure the 

stress state in thin films. From the angular positions of 
diffraction lines one can derive the lattice spacing's and 
used them to calculate the elastic lattice strains (diffraction 
strain) [14,15]. By means of Hooke’s law and material 
elastic constants, the elastic strains can be related to the 
stress tensor. Even in absence of texture, thin films cannot 
generally be considered as macroscopically elastically 
isotropic [16,17], therefore the classical ψ2sin  method 
[18] is not a suitable method for X-Ray diffraction stress 
analysis of thin film samples. Special procedures, such as 
the Crystallite Group Method (CGM) [19-21] or the use of 
X-Ray stress factors [22], have been proposed for the 
diffraction stress analysis of specimens exhibiting distinct 
macroscopic anisotropy due to texture. Residual stress 
measurements based on the CGM was preferred since the 
analyzed TiN thin films exhibit strong fiber-textures.  

The CGM was proposed for diffraction stress analysis 
of materials with strong texture components and was also 
adapted to fiber-textured specimens [19,23,24]. In order to 
perform the stress analysis several different hkl reflections 
are measured. The presence of crystallographic texture 
implies the measurement of hkl reflections only at certain 
tilt angles with respect to the preferred orientation of the 
analyzed crystallite group, dependant on the material 
structure.  The CGM can be employed even for rather 
weak texture [25], this method leading to a linear 
dependence of measured diffraction strain on ψ2sin  
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[26]. Also, in the case of {111} and {001} fiber-textures 
of cubic materials, the method does not take into account 
the elastic grain interaction, the measured strains being 
related to the stresses by the single-crystal elastic constants 
of the material [27]. For a rotationally symmetric biaxial 
state of stress the non-zero components of the stress tensor 
are ||2211 σσσ ==  ( )0=⊥σ . The simplified ψ2sin  
- law for cubic symmetry in the presence of {111} fiber 
texture, reduces to [28]: 
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where sij represents the elastic compliance tensor of the 
material in the Voigt notation and 

2/4412110 ssss −−=  is the anisotropy factor of the 
material.    
The relation (1) leads to the expression of the lattice 
parameter as a function of orientation: 
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From the condition 0aa =ψ , the so-called “strain-free 

direction” (noted *2sin ψ ) can be obtained. For {111} 
fiber texture its expression is: 
 

( ) 44012
*2 /3/222sin sss −−=ψ . (3) 

 
The strain-free direction depends only on the elastic 

constants of the material and a value of ~0.41 was 
obtained using the elastic stiffness constants calculated by 
Nagao [29].  

 
 
2. Experimental 
 
2.1 Sample preparation 
 
The TiN films were deposited on Si wafers by the 

cathodic arc method. The experimental set-up for the film 
deposition was described elsewhere [30]. The deposition 
chamber was equipped with two Ti cathodes (99.99% 
purity) and the reactive atmosphere was a mixture of N2 
and Ar gases. The base pressure before deposition was 
6×10-4 Pa, while the working gas (N2+Ar) pressure was of 
about 8×10-2 Pa. Prior to deposition, the wafers were 
ultrasonically pre-cleaned and treated with Ar plasma for 
10 min at RF substrate bias. To examine the influence of 
the energy of the film characteristics as resulted from the 
XRD analysis, the applied substrate bias Vs was varied 
from -200 to -500 V. The other process parameters were as 
follows: N2 flow rate -80 sccm; Ar flow rate – 15 sccm; 
arc current (at both cathodes) – 110 A; substrate 
temperature during deposition – from 320 to 390oC 
(depending on Vs); deposition time ~ 40 min. The overall 
thickness of all films was controlled to be of about 1.8 μm. 

2.2 X-ray diffraction measurements  
 
All the X-ray diffraction measurements were 

performed on a Rigaku Ultima IV system (CuKα radiation) 
with parallel beam optics. The divergence angle of emitted 
beam from the multilayer mirror is approximately 0.050. 
This kind of optics is suitable for thin film analysis, 
especially for texture and residual stress measurements, 
because of increased beam intensity and significant 
reduction of instrumental aberrations (the preservation of 
peak position, shape and width even at high ψ  - tilting 
angles) [28].  

For the qualitative phase analysis the X-ray diffraction 
patterns were recorded in Bragg-Brentano geometry, in the 
2θ range 300-1500, step width 0.050 and 10s as counting 
time. The texture analysis was performed using a 
multipurpose attachment for pole figure measurements. 
The measurements for residual stress determination were 
recorded in high precision-high resolution mode (parallel 
beam optics, parallel slit analyzer collimator in the 
receiving side with 0.1140 acceptance angle), with a step 
width of 0.050 and a counting time of 20s per step.  

 
 
3. Results and discussion 
 
3.1. Phase composition and texture 
 
The recorded symmetrical θ/2θ X-ray diffraction 

patterns for TiN thin films are shown in figure 1. The 
intensity is plotted in logarithmic scale. TiN coatings were 
polycrystalline exhibiting reflections related to B1 cubic 
structure. The (101) reflection of Tiα was detected in all the 
X-ray diffraction patterns. From the patterns we can 
observe that the X-ray diffraction lines had apparently 
shifted from the positions corresponding to a randomly 
oriented strain-free standard TiN sample (dashed lines in 
the figure). This indicated that the coatings are subjected 
to a residual stress state. Also the intensities of TiN 
reflections are very different from those of a randomly 
oriented sample. Therefore we can conclude that the 
samples have crystallographic planes with preferred 
orientation.  
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Fig. 1. X-ray diffraction patterns for TiN thin films 
deposited at different applied substrate bias: a: –200 V,  
                            b: -300V, c: -500V. 
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The φ -scan measurements (not shown here) revealed 

the presence of fiber-texture (the intensity is independent 
of azimuth angle, φ ). Therefore we can study the 
preferred orientation by Ψ-tilt measurements of diffracted 
intensity at constant φ  sample rotation. In the case of thin 
films, the peak maximum measured for a certain value of 
Ψ may shift for another value due to residual stress state in 
thin films. For this reason the integral intensity 
measurement for each orientation ( Ψ−θθ 2/  scans) 
[31] was preferred to Schultz reflection method. 

TiN (111) reflection was measured in its specific 2θ 
range, 0.050 step width and 10s time per step for each 
value of tilt range 00-820. The measured integral intensities 
of the (111) reflection at different Ψ-tilt (20 increment) 
were corrected for absorption factor [6]. Fig. 2 shows 
normalized intensity versus tilt angle Ψ ( 0=φ ) for (111) 
reflection of analyzed samples.  
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Fig. 2. Integrated intensity of the (111) reflection as a 

function of tilt angle for the three thin films (values 
corrected for absorption factor). 

 
 

In general, two maxima can be observed: one at 
00≈ψ and one at 05.70≈ψ . The peak at 00≈ψ  

indicates the presence of a strong <111>||ND (normal 
direction) fiber texture. The (111) texture was reported for 
various types of films (TiN, CrN, NbN, NbC, TiAlN, 
TiCN, TiAlZrCN) deposited by cathodic arc technique 
[32-36]. The presence of a highly ionized plasma, specific 
to this method, was considered to favor the film growth in 
the most densely packed direction (i.e. (111) direction) 
[35]. 

The position of the second maximum at high ψ -tilt 
values corresponds to the angle between (111) and )111(  
planes in the cubic structure.  

Pole widths (half widths at 0.5 normalized intensity 
for 00=ψ ) were calculated by fitting the curves with 
bell-shaped pseudo-Voigt functions. Plot of pole widths 
vs. applied substrate bias (figure 3) shows high texture 
sharpness for -500 V and -300 V applied substrate bias. 
For the -200 V applied substrate bias, the second 
maximum (as can be seen in figure 2) is shifted towards 
lower values. Considering this feature and the broader 
texture we can assume that a mixed [111]/[211] texture is 
present, since (111) planes of fcc structures form 
deformation twins along [211] [37,38].  
 

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 Vs (V)

av
er

ag
e 

st
re

ss
 (G

P
a)

-500-300
 

-200

compressive
tensile

 
Fig. 3. Pole widths of (111) reflection plotted as a 

function of applied substrate bias. 
 
 

Assuming that regions in the plot are associated with a 
single fiber-texture component, then integration can be 
performed to find the area under the curve. We can obtain 
the volume fraction as the sum of the associated areas 
divided by the total area. By integrating the curves we 
have found that the random component (crystallites not 
belonging to {111} fiber) is 4% in the case of Vs = - 500 
V and 7% for the Vs = - 300 V. 

 
3.2. Residual stress 
 
The crystallographic texture measurements revealed 

the presence of strong {111} fiber textures for all the 
samples. The texture is also sharp (excepting the sample 
deposited at -200 V applied substrate bias), all these 
findings enabling the use of CGM for stress determination. 
Because of strong texture, we can measure the intensity 
only for few Ψ values with respect to {111} crystallite 
group. These values are presented in table 1. 

 
Table 1. Tilt angles corresponding to {hkl} poles with respect to [111] direction. 

 
[111]  
{hkl} 222 224 313 113 202 204 002 113 111 113 
Ψ (0) 0 19.5 22 29.5 35.3 39.2 54.7 58.5 70.5 80 
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The residual stress analysis was performed on {111} 

crystallite group of TiN thin films.  
The ψ2sin  plots of TiN thin films are shown in 

figure 4. The lattice parameter values were obtained from 
the peak maximum positions using the Bragg’s law and 
the relationship between lattice parameters, Miller indices 
and lattice spacing for cubic materials. 
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Fig. 4. GCM ψ2sin  plots on [111] oriented grains. 

 
 

We can observe in the figure that the variation of ψa  

vs. ψ2sin  has a linear behavior.  
The “strain-free lattice parameters” were calculated 

using the 111
ψa  values by interpolating at the strain-free 

direction calculated above (3), assuming a rotationally 
symmetric biaxial state of stress. The values obtained 
(~4.24 Å) are in reasonable agreement with the TiN bulk 
value (4.242 Å). 

A change in the sign of the residual stress with the 
increase of the applied substrate bias can be observed. For 
polycrystalline films, transition from compressive to 
tensile stresses could be related to the grain boundary 
relaxation processes (see, e.g. [39]). An increase in the ion 
bombardment energy causes modifications in 
intercolumnar spaces and gaps between grains, leading to 
the enhancement of the intragrain tensile forces. In order 
to obtain quantitative information on stress, data were 
fitted using the symmetric biaxial stress model, and fit 
lines are reported in Fig. 4.  

Fig. 5 shows the calculated average residual stress 
values as a function of applied substrate bias.  

 It has to be noticed that our measurements do not take 
into account the presence of a stress gradient in the 
analyzed samples. Thus the obtained values are average 
values within the layers, used for comparison purposes 
[37]. 
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Fig. 5. Residual stress of TiN coatings vs bias voltage. 
 

 
4. Conclusions 
 
Titanium nitride thin films deposited by the cathodic 

arc method have been characterized by X-ray diffraction 
for the determination of crystallographic texture and 
macrostresses within the films. The structural analysis 
shows that TiN coatings are polycrystalline exhibiting 
reflections related to B1 cubic structure. 

The Ψ−θθ 2/  scans revealed the presence of a 
strong and sharp <111>||ND (normal direction) fiber 
texture. Diffraction stress analysis performed on {111} 
crystallite group of TiN thin films by means of CGM 
indicates a change in the sign of residual stress as a 
function of applied substrate bias. Strain-free lattice 
parameters obtained for all thin films are in good 
agreement with TiN bulk value. Therefore we can assume 
that the symmetric biaxial stress model is a valid model for 
our samples.  
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