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AbstracL The two complemenery techniques of positron l i f e h e  specrroscopy and x-ray 
diffraction have been applied to the structural characterization of commercial titanium nitrlde 
hard coatings grown by hollow cathode arc evaporation. Use of a pulsed positron beam allows 
the layers to be analysed more or less independently of the substrate. The layers are found 
to consist of a single S-phase TiN. w i a  pronounced kxture and residual stress. The dominant 
defects appear to be grain boundaries with a positron lifetime of 225 ps. Values for the bulk 
positron lifetime and diffusion coefficient am also obtained. 

1. Introduction 

Titanium nitride layers have sustained a wide interest for the last two decades [I], mainly 
because of their many possible applications. ranging from the purely decorative to industrial 
hard coatings. Recently Ti has found use in other areas, both as a diffusion barrier in 
silicon [2] and other structures [3] and because of its high infra-red reflectance 141. 

The physical properties of the layers depend strongly on the structure, and therefore on 
the growth conditions, and can lie within a very broad range. For example the hardness can 
vary between 3 and 40 N mm-* [1,5] and the electrical resistivity from 20 to 10000 j& cm 
[I]. For a reliable technical application one has to assume the worst possible properties. 
Clearly, a better understanding of the layer formation process and characterization of the 
layers are of extreme technical and commercial importance. 

TiN exists predominantly in two phases, 6-TiN and c-Ti2N [7]. The &phase has a 
sodium chloride structure with a stoichiometric lanice parameter of 0.4240 nm [6].  It is, 
however, stable over a relatively wide range of compositions from TiNo.7 to T i L . 1 6 .  Non- 
stoichiometric TiN contains vacancies in either the metal or metalloid sublattice, causing 
the lattice to relax into a configuration with a slightly reduced lattice parameter. Other 
effects associated with the growth process [I] ,  e.g. thermal stress, substitutional oxygen 
and carbon, incorporated argon and interstitial nitrogen, can have a greater influence on the 
measured lattice parameter. Additionally, the growth conditions have a strong influence on 
other properties such as grain size (typically less than 100 nm), texture and the presence of 
the &-phase and of voids [1,7,8]. 

In this paper, positron lifetime spectroscopy and x-ray diffraction have been applied to 
characterize commercially produced TiN layers. The two techniques are complementary, 
allowing a more complete characterization than with a single technique. X-ray diffraction 
probes the crystal structure of the layers, also yielding information on the composition and 
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stoichiometry, whereas positron annihilation is sensitive to the concentration and type of 
open volume defects. Although x-ray methods have been widely applied to the study of 
TiN layers [6,9-121, positrons have rarely been used. Previous positron lifetime studies 
[I21 have been limited by the bulk nature of the conventional technique, causing the signal 
from the layers to be swamped by that from the substrate. In this work, the layers have 
been studied with the Munich pulsed low-energy positron beam 1131. This is the first of 
only two time-resolved slow-positron beams worldwide, the other being in Japan [14]. 

2. Experimental details 

The layers studied were produced, by Vakuumtechnik Dresden GmbH, by hollow cathode 
arc evaporation 1151 of titanium in an argon-nitrogen plasma onto mild steel substrates. The 
exact growth conditions are not available, but the samples can be divided into two groups 
(designated as types I and E) corresponding to different Nz partial pressures. All layers of 
each type were produced in the same batch, with different layer thicknesses obtained by 
placing the substrates at different positions with respect to the evaporator. The thicknesses 
of the layers were estimated by the manufacturer using x-ray fluorescence. 

The positron annihilation measurements were carried out at ambient temperature using 
the Munich pulsed positron beam. Positrons from a 500 MBq nNa source are moderated 
in a 1 p m  tungsten foil and a small fraction (- lo-") diffuse to the exit surface. These 
are then guided by a longitudinal magnetic field to the target, where they are accelerated 
to the required incident energy. The timing signal required for the lifetime spectrometer is 
obtained by pulsing the beam at 200 MHz. During the measurement the coincidence count 
rate in the spectrum was approximately 40 cps, depending on the incident energy with a 
time resolution OF 185 ps FWHM. The total number of counts in each spectrum was typically 
5 x 105. 

Initially all the spectra were analysed in a conventional manner, assuming exponential 
lifetime components from wbich the mean lifetime was calculated from a fit to two 
components. In the near-surface region this is not strictly correct as spatial diffusion of 
the positron is not taken into account [16]. Nevertheless this treatment gives useful semi- 
quantitive information regarding the nature of any defects present and the diffusion back to 
the surface. 

Two of the thicker layers, one of each type, 2.3 p m  and 2.4 pm thick respectively, were 
studied in more detail with x-ray diffraction and with a more detailed analysis of the positron 
annihilation spectra taking spatial diffusion into account [ 171. The diffraction measurements 
were performed in Bragg-Brentano geometry using Cu Kor radiation at the crystal analysis 
laboratory of the Technical University of Munich. A conventional diffractometer, running 
at 40 kV/30 mA was used to scan a 28 range from 20' to 120O in steps of 0.05". The 
primary beam was apertured at 1.5 mm width and the secondary slits at 0.2 mm. Each step 
was measured for 30 min. To identify the substrate peaks, an uncoated piece of the same 
steel was also measured. 

Positron annihilation spectra from the same two layers as studied by x-ray diffraction 
have been analysed in detail using a model describing the diffusion and annihilation of 
the positron. It is not feasible to apply the same procedure to the thinner layers where 
at almost all energies the substrate has a substantial contribution. In commercial coatings 
such as these the substrate is neither well prepared nor characterized. The evolution of 
the various positron states after thermalization in a solid is well described by a diffusion- 
annihilation equation 1181. governing motion of the positron in the bulk, combined with 
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spatially dependent rate equations, which describe trapping and annihilation both at defects 
and the surface. In addition to the defect lifetimes and trapping rates required in a normal 
trapping model, both the positron diffusion coefficient and the surface boundary condition 
need to be included. Using a finite-difference algorithm the annihilation spectrum for 
a specific implantation energy, can be stepped through, picosecond by picosecond, until 
the full lifetime spectrum has been constructed. After convolution with the instrumental 
resolution, this can be compared with the measured specmum. Although, in principle, 
each spectrum contains all the spatial information determining the history of the positron, 
the results for a single spectrum can be ambiguous. In particular the apparent diffusion 
coefficient is strongly iniluenced by the surface escape rate and, to a lesser extent, by the 
defect trapping rate. It is, therefore, necessary to analyse all the measured spectra together 
to obtain consistent results. 

3. Results and discussion 

The diffraction patterns for the two different layers are shown in figure 1 with the TiN peaks 
marked. These have been identified according to [9]; the unmarked peaks result from the 
steel substrate. Several differences between the two sampIes are apparent. Firstly, in the 
type Il sample, there is a clear signal from an or-Ti buffer layer between the substrate and 
nitride layer. This is not present in the type I sample. However, in neither layer is there 
any evidence of the &-TiZN phase. Secondly the intensities of the 8-TiN ( 1  1 1 )  and (222) 
peaks compared to the (311) peak are different in the two samples, indicating pronounced 
texture. 

Table 1. The lattice parameten of the different S-i'iN diffraction peaks for the two types of 
layer. 

Mce parameter (nm) 

hkl 'Tws I Tvoe 11 

222 0.4285 0.4282 
311 0.4273 0.4263 
7.20 0.4279 0.4258 
200 0.4250 0.4247 
1 1 1  0.4282 0,4289 

Mean 0.4274(13) 0.4269(15) 

The lattice parameters for the different 8-phase reflexions are given in table 1. Within the 
experimental accuracy the mean lattice parameter is the same in both types and corresponds 
to that of stoichiometric TIN [6]. However, the lattice parameters are different for different 
directions indicating a complex stress state in the layers. This is greater in the type II 
layer, which has the intermediate Ti layer. A detailed analysis is beyond the scope of these 
measurements, although the depth dependent stress state could be achieved with a suitable 
modification of the method given in [ 191. This would, however, require considerably more 
measurements at a much higher resolution. 

The mean positron lifetimes are shown in figure 2 as a function of incident positron 
energy for all the layers studied. Qualitatively, all the layers are similar with a mean positron 
lifetime in the range of 22g22.5 ps. The limiting low-incident-energy lifetime between 300 
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Figure 1. A selected region from 
the diffraction patterns for the two 
different layers, (a) type I, 2.4 p m  and 
(b) type 11, 2.3 pm showing the Ti 
p d s .  The respective peaks are I .  6- 
TiN (222); 2, 6-TiN (311); 3, 6-TiN 
(220); 4, S-TiN (200); 5, 6-TiN (I 1 I ) ;  
6. U-TI (011) and 7, or-?f (002). 

Figure 2 ne mean lifetime as a function of incident positron energy: (a) type 1, 1.21 p m  (O), 
1.4 pm (V) and 2.4 pm (0); 6) type 11. I .03 pm (0) and 2.3 p m  (0). 

and 400 ps is typical of a 'dirty' surface [ 17,20,21] and yields no information about the 
clean Ti-vacuum interface. However, the sharp fall-off of the mean lifetime in the type I 
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layers is indicative of virtually no diffusion of thermal positrons to the surface, whereas the 
type 11 layers exhibit an almost continual change from the surface lifetime to that of the 
substrate. Below 8 keV incident energy, which corresponds to a mean implantation depth of 
200 nm [22], a significant fraction of positrons reaches the surface before attaining thermal 
equilibrium [ 17,231. At present there is no way of including these in the analysis. 

The reduction in surface signal in the type I layers could have several causes: either 
reduced diffusion, either due to trapping or a change in diffusion coefficient, or a change 
in the surface potential barrier preventing positrons penetrating the surface. To obtain 
further information, the two thicker layers of each type were analysed using the diffusion 
model described above in the incident energy range 8-14 keV, where contributions due to 
epithermal positrons and the substrate can be neglected. 

Table 2. Positron diffusion and annihilation parameters for the two [hicker layers, 

Type 1 Type 11 

Bulk lifelime (ps) 170(5) 170(5) 
Surface lifetime (ps) 37000) 370(15) 
Defect lifetime (ps) 22x31 226(4) 
Diffusion coefficient (cm2sC') 1.30(20) 1.35(15) 
Trapping me (GHz) 5.1(3) 3.2(3) 

Consistent results were obtained for both layers, with only a change in trapping rate 
(table 2). The annihilation and diffusion parameters were first determined for the type I 
layer so that values were approximately constant throughout the incident energy range 
studied. The parameters were then varied around these values for the type I1 layer, with 
most variation allowed for the defect lifetime and trapping rate. The diffusion coefficient 
and bulk lifetime are properties of the positron in the perfect lattice, and should therefore 
be similar in both samples. The defect lifetime and trapping sate, however, represent the 
defect structure in the sample and can differ widely between the two samples. Attempts to 
force the trapping rate in the type I1 layer to that in the type I resulted in values for the 
other parameters, particularly the diffusion coefficient, that varied throughout the incident 
energy range, 

Both layers contain the same dominant defect with a positron lifetime of 225 ps and 
have the same bulk lifetime of 170 ps. The latter is, to OUT knowledge, the first reliable 
measurement of the bulk positron lifetime in 6-TiN. The defect lifetime of 225 ps is 
somewhat too short to correspond to positrons trapped at single vacancies. Although the 
vacancy lifetime is not known from the literature, as these layers are metallic, a value 
typically SO% longer than the bulk lifetime should be expected. This is however, only a 
very rough guide, but is applicable to pure Ti and its alloys. Recently published results for 
Ti [24] indicate a vacancy lifetime of 250 ps compared to a bulk lifetime of around 150 ps. 
In the same study, a shorter defect lifetime of 210 ps in low-temperature-deformed Ti is 
attributed to a mixture of defect types including dislocations. 

The 225 ps component could probably be due to trapping at grain boundaries, which 
have a smaller free volume than vacancies, with the difference in trapping rate suggesting 
that the grain size is slightly larger in the type I1 sample. There is no evidence of longer-lived 
components, corresponding to a significant concentration of vacancies or voids, in agreement 
with the x-ray result that the composition of these layers is (very nearly) stoichiometric. 
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4. Conclusions 

The two techniques used give complementary information, allowing a better structural 
characterization of the samples than with a single technique. X-ray diffraction shows the 
layers to be single 6-TiN phase, except for the present of an intermediate wTi buffer layer 
in the type II samples. The dominant defect has a partial vacancy character and can be 
attributed to grain boundaries. The difference in trapping rate between the two types of 
layer is probably due to differences in the grain size, with type II layers having, on average, 
slightly larger grains. There is no evidence of a significant concentration of vacancies 
or larger defects, suggesting that the layers are stoichiometric. This is confirmed by the 
measurement of the lattice parameter by x-ray diffraction. Diffraction measurements also 
indicate pronounced texture and residual stress in the layers, with the type U layers being 
more stressed than those of type I. Finally, we have obtained the first measurements of the 
bulk positron lifetime and positron diffusion coefficient in Tfi. 
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