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TiN, TiC and Ti(C,N) hard coatings were deposited on Si substrates by a cathodic arc 
system. Various investigation techniques (ERDA, XPS, and XRD) were used to analyze the 
microchemical and microstructural characteristics of the films (surface chemistry, chemical 
composition, texture) prepared under different deposition conditions.  
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1. Introduction 
 
Ti based hard coatings, in single or multilayer structures, have wide range applications in 

various fields, since they significantly increase the lifetime and performance of tools and machine parts 
that are subjected to severe working conditions [1] – [3]. Different PVD or CVD methods were used to 
prepare Ti based films, whose properties depend on the deposition method and conditions. Considerable 
attention has been given in the last years to the cathodic arc deposition technique because it is a 
versatile, efficient and high productivity system, which is able to prepare a large variety of binary and 
multiphase hard compounds [4] – [9]. 

In the present work we report on the synthesis and characterization on TiN, TiC and Ti(C,N) 
single and multilayer hard coatings, deposited on different substrates (Si, various types of steels, 
cemented carbides) by the cathodic arc technique. The majority of the investigations have been carried 
out on TiN, which is one of the most studied and used coatings to date.  

Part I of the paper deals with some microchemical and microstructural properties of the films 
(surface chemistry, chemical composition, texture), whereas Part II covers the results of the 
experimental investigations on the film characteristics directly related to the performance of coated 
tools and machine parts (microhardness, adhesion, film thickness, corrosion and wear resistance). 
 
 

2. Experimental 
 

2.1 Deposition unit and procedure  
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 A schematic diagram of the deposition set-up is shown in Fig. 1. The system was equipped 
with two arc evaporators, but for the work presented here only one evaporator was used. The base 
pressure in the deposition chamber was of about 10-3 Pa. Specimens to be coated were ultrasonically 
cleaned with thrichlorethylene and mounted on a rotating holder inside the deposition chamber. Prior to 
deposition, the samples were sputtered by Ti ion bombardment (1000 V; 5 min). 
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Fig. 1. Schematic i llustration of the deposition setup. 

 
The main process parameters for the various coatings were as follows: substrate material - Si, 

cathode material - Ti; reactive atmosphere - N2, CH4 and N2 + CH4 for TiN, TiC and Ti(C,N) coatings, 
respectively; total gas pressure  2 × 10-3 - 1Pa; arc current  60 - 130A; substrate bias voltage               
0 – 225 V; deposition temperature 160 – 340 °C; deposition time: 15 - 120 min. 

For Ti (C,N) deposition, the composition of the gas mixture was controlled through the relative 
gas flow rates of N2 and CH4. Two gas compositions were chosen: 80 vol. % N2 + 20 vol.% CH4 and  
30 vol. % N2  +  70 vol. % CH4. As it was reported (e.g. [5]), the chemical compositions of the Ti(C,N) 
films were almost the same (within 5 - 10 %) as those obtained by ratio of the gas compositions, so that 
the two Ti(C,N) coating types will be noted hereafter as TiC0.2N0.8 and TiC0.7N0.3, respectively. 

For Ti(C,N) coating deposition the substrate bias and arc current values were 225 V and        
90 A, respectively. 

 
 
2.2 Investigation techniques 

 
X-ray Photoelectron Spectroscopy (XPS) and Elastic Recoil Detection Analysis (ERDA) were 

used to investigate surface chemistry and chemical composition of the TiN films, respectively.  
The XPS measurements were performed on a SSX-100 spectrometer (Surface Science 

Instruments) using monochromated Al K �  radiation (1486.6 eV). Spectra were acquired at room 
temperature, in a vacuum of about 5 × 10-7 Pa, and with a take-off angle with respect to the sample 
normal of 55°. The analyzed area was about 1.4 mm2, and the pass energy was set to 150 eV. In these 
conditions, the resolution, as determined by the full width at half maximum (FWHM) of the Au 4f7/2 
peak of a standard gold sample, was around 1.6 eV. 

For ERDA experiments an incident 80 MeV Cu10+ ion beam was used. The detector of the 
elastically scattered recoils consisted in an 

�
E pulse ionization chamber and a residual energy silicon 

detector placed inside the ionization chamber. Both the angle of incidence and the angle of exit were 75° 
relative to the sample normal.  
 Phase composition and texture of the coatings were determined by X-Ray Diffraction (XRD) 
technique using an X-ray DRON diffractometer with Cu Kα radiation.  
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3. Results 

 
3.1  Surface chemistry 
 

The deposition parameters for the TiN films analyzed by XPS are listed in Table 1.  
 

Table 1. Deposition parameters: nitrogen pressure PN2, arc current Ia, substrate bias voltage 
Vs,  
                                                                 deposition time t. 
 

Sample Deposition parameters 

 PN2 (Pa) Vs(V) Ia(A) t(min) 

1 2 × 10-2 225 60 15 

2 8 × 10-2 225 60 15 

3 5 × 10-1 225 60 15 

4 8 × 10-2 50 60 15 

 
 
The XPS Ti 2p, N 1s and O 1s peaks recorded on the different samples have similar shapes, 

suggesting that the TiN coatings have approximately the same surface composition. The detailed 
analysis of the XPS lines was done by a peak-fitting procedure, using a linear background and mixed 
Gaussian/Lorentzian (85 % G/L) peak shapes. The peak decomposition, with similar results for the 
investigated samples, was shown for the sample 1, in Fig. 2.  
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Fig. 2.  Peak decomposition exemplified for the sample 1. The spectra were shown after 

background subtraction. TiNO designates the Ti oxynitride (see the text). 
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The coating bulk is described by the Ti 2p3/2 and N 1s peaks at 455.8 and 397.0 eV (Table 2), 
respectively, specific to TiN [10,11]. The corresponding Ti/N ratio, calculated by peak quantification, 
is close to one, indicating the stoichiometric bulk TiN. 

The major contribution to the Ti 2p3/2 peak, at 458.1 eV, is close to the binding energy of Ti 2p3/2 
in Ti2O3

  (458.5 eV [12]), while the component of O 1s at 529.7 eV lies at the position characteristic of 
the same compound (529.6 eV [13]). These peaks correspond to an oxidized layer on the top of the 
coating, with the chemical composition (or titanium valence) close to that in Ti2O3. 

 
Table 2.  The binding energies (in eV) of the XPS peaks and the atomic concentration of the 
                    corresponding phases. TiNO abbreviates the titanium oxynitride. 
 

C Ti N O 
Sample 

C-C 
C-(O, N) 

bonds 
TiN 

Ti2O3 
TiNO 

TiNO TiN 
C-N 

bonds 
Ti2O3 
TiON 

C-O 
bonds 

1 
284.8 
45.0% 

286.2, 288.4 
10.7% 

455.8 
4.9% 

458.1 
5.9% 

395.8 
4.5% 

397.0 
4.4% 

399.0, 400.6 
1.6% 

529.7 
10.9% 

531.7, 
533.1 
12.0% 

          

2  
284.8 
37.9% 

286.2, 288.4 
10.5% 

456.1 
6.4% 

458.2 
7.2% 

396.0 
6.1% 

397.2 
5.7% 

399.1, 400.8 
1.9% 

529.9 
12.5% 

531.7, 
533.3 
11.8% 

          

3 
284.7 
33.5% 

286.2, 288.3 
8.8% 

455.9 
6.2% 

458.1 
9.5% 

395.9 
7.0% 

397.2 
6.1% 

399.0, 400.8 
2.0% 

529.9 
14.6% 

531.6, 
533.1, 
535.4 
12.3% 

          

4 
284.7 
37.9% 

286.3, 288.4 
9.2% 

455.6 
6.4% 

458.0 
8.6% 

396.0 
4.6% 

397.1 
8.6% 

398.9, 400.5 
2.5% 

529.8 
11.9% 

531.7, 533.3 
10.4% 

 
N 1s component at 395.8 eV could be attributed to a highly oxidized Ti oxynitride in the 

outermost layer, as earlier proposed by Ernsberger et al. [14]. Moreover, the Ernsberger’s model 
assigned the Ti 2p3/2 and O 1s peaks at 458.2 and 529.9 eV, respectively, to the same oxynitride phase. 
Our XPS results are, however, more consistent with a mixture of Ti2O3 and Ti oxynitride on the coating 
surface. According to this model, the O 1s peak at 531.7 eV is partly contributed by a less oxidized 
oxynitride, as an intermediate layer between the outermost layer and the bulk TiN. 

The other contributions to N 1s (at 399.0 and 400.6 eV) and O 1s (531.7 and 533.1 eV) 
correspond to bonds with carbon within a contamination layer on the sample surface. The former peaks 
are very close to those earlier reported for the N 1s spectra of CNx films [15]. The high amount of 
adventitious carbon, despite the high vacuum during the XPS measurements, suggests that carbon was 
deposited on the coating surface during the deposition process or sample storage.  

One must notice that the different conditions of the coating deposition should induce changes of 
the surface chemistry of the coatings. Some differences were found between the samples here discussed, 
meaning a higher N/Ti ratio for the sample 4, as well as a slightly higher concentration of the oxynitride 
phases in the samples 3 and 4. However, one could not establish a clear relationship between the 
chemistry of the passive layer and the nitrogen pressure. This means either that the reactive gas 
pressure alters the coating surface to a less extent than e.g. the oxygen and water levels during the 
reaction [14], or that the variation range of this parameter was not wide enough to induce stronger, 
systematic changes of the passive layer. 
 

3.2 Chemical composition 
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Chemical composition of TiN films prepared on Si substrates under different deposition 
conditions was investigated by ERDA. A quantitative analysis of the energy spectra, using a special 
program [16], has been carried out. 

A typical example of ERDA spectra from a TiN film is shown in Fig. 3, where the computer 
simulation curve is also plotted (deposition conditions: pN2 = 1 x 10-3 Pa, Vs = 225 V, Ia = 90 A). In this 
case the film composition was: Ti – 42.09 %, N – 56.10 %, O –0.39 %, C – 1.40 %, from which       N 
/Ti ratio of 1.3 was calculated.  

 

 
Fig. 3.  ERDA spectra of Ti, N, O and C for TiN coating. 

 
 
The influence of the nitrogen pressure on the N /Ti ratio is illustrated in Fig. 4. It should be 

noted that, in agreement with XPS data, a variation in the nitrogen pressure in the range 1 × 10-2- 1 Pa 
has no significant influence on the N/Ti ratio. For N2 pressures bellow 10-2 Pa, a decrease of the 
pressure (from 10-2 to 5 × 10-3Pa) results in a decrease of the N/Ti ratio from 1.2 to 0.7. The 
experiments also showed that N/Ti ratio is practically constant for substrate bias voltages ranging from 
50 to 225 V.  
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Fig. 4.  N/Ti ratio as a function of N2 pressure. 

 
There are nevertheless certain differences between the results of XPS and ERDA 

investigations, arising from the specific physical processes involved in each method.  
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Firstly, XPS data showed that high amounts of oxygen and carbon are present in the film 
composition (approx. 20 % and 40 % for O and C, respectively), whereas ERDA measurements 
revealed relative small amounts of O and C (up to 1.5 % for each element). This can be explained by 
the fact that XPS analysis extends within about 15 Å of the film surface, while for ERDA, the 
investigated layer has a thickness in the range of 1 � m. Combining XPS and ERDA results, one may 
conclude that the incorporation of oxygen and carbon in the film is not due to the deposition process 
itself, but to the film contamination during the time elapsed between the film preparation and the 
composition analysis. 

Secondly, the N/Ti ratio calculated from ERDA spectra were of 20 – 30 % higher that those 
obtained by XPS analysis. This difference is more difficult to be accounted for. Anyhow, one has to 
keep in mind that, as it is known [17], ERDA requires flat and smooth film surfaces, as well as good 
lateral uniformity. Otherwise the interpretation of the experimental data becomes difficult. More 
important it seems to be the fact that ERDA results depend on the knowledge of the energy loss of the 
elements in various compounds. In particular, data about the energy loss of Ti ions in TiN [18] are not 
accurately known at present. Further experiments are needed to compare ERDA results with those 
provided by other investigation techniques (e.g. AES, RBS or EDX). 
 

3.3 Phase composition and texture 
 
TiN coatings  

 The influence of the main deposition parameters on the phase composition and texture can be 
seen in Table 3, where relative intensities of the X-ray diffraction peaks are schematically shown. One 
may observe that the films contain mainly TiN phase. Ti was also detected (a slight (011) line), but 
only for low pressures (� 2x10-2 Pa). It is worth noting the absence of Ti2N phase, whatever deposition 
were tried (even for low nitrogen pressure, high arc currents and high bias voltage, for which Ti2N 
phase was expected to be present, as in the cases of other PVD deposition methods, such as ion plating, 
magnetron system etc [19]-[21]). This fact is not surprising if we take into account the results of the 
chemical composition analysis which revealed that stoichiometric or overstoichiometric TiN compound 
(N/Ti ≥ 1) was formed over a wide range of the deposition conditions. As it is known, in order to create 
Ti2N phase, several special conditions are required, including N/Ti ratio in the range 0.3–0.4 [19]. 
 

Table 3.  Relative intensities of  X - ray diffraction peaks for TiN coatings 
(I(111) / I(200) = 0.77 for a TiN random polycrystalline sample). 

 
Sample Deposition conditions 

No PN2  (Pa) Vs (V) Ia (A) 

Texture for TiN 
I(111) / I(200) 

1 7x10-3 120 60 0.64 
2 2x10-2 120 60 7.50 

3 7x10-2 120 60 18.00 
4 7x10-1 120 60 6.64 

5 2x10-2 15 60 4.14 
6 2x10-2 50 60 5.43 
7 2x10-2 225 60 9.22 

8 2x10-2 225 90 9.22 
9 2x10-2 225 130 3.88 

 
 

For TiN phase, only (111) and (200) diffraction peaks were detected. Under the most 
deposition conditions, the diffraction patterns exhibit a strong (111) orientation, as it was reported in 
the existing studies [4], [7]. However, for low pressures (<10-2 Pa) or low bias voltage (<20 V), no 
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preferred orientation was observed. A decrease of the arc current (from 130 to 60 A) leads to a stronger 
(111) orientation. 
  
 
 

TiC coatings  
X-ray analysis showed that films consisted of TiC and Ti phases (an example of a diffraction 

pattern is given in Table 4), where deposition conditions were: pCH4 = 10-1 Pa, Vs = 225 V, Ia = 30 A. A 
(111) orientation was observed for TiC phase, which became more pronounced with the increase of the 
bias voltage. Beside (111) peak, (200) and (220) lines were also detected. 
 

Ti(C,N) coatings 
For Ti(C,N) coatings, the diffraction lines were positioned between TiC and TiN lines. Under 

our deposition conditions, diffraction peaks in the case of TiC0.7N0.3 were in proximity of the TiC peaks 
positions given in ASTM. With the increasing pN2 / pCH4 ratio (TiC0.2N0.8 as compared to TiC0.7N0.3) a 
deplacement of the lines towards higher Bragg angles took place (e.g., for the line (111) the shift was of 
0.430). This effect can be accounted for by the replacement of the carbon atoms in the TiC lattice by 
nitrogen atoms, which have smaller dimensions. 

Relative intensities of X-ray diffraction peaks ((111), (200) and (220)) are shown in Table 4 
where Ti(C,N) lines were noted as belonging to TiC compound. As can be observed, an increase of the 
pN2 / pCH4 ratio resulted in a stronger (111) orientation. 
 

Table 4. Relative intensities of X-ray diffraction peaks for TiC and Ti (C,N) coatings 
(I(111) / I (200) = 1.56 and I(111) / I(220)=2.78 for a TiC random polycrystalline sample). 

 
Texture for TiC and Ti(C,N) 

Sample Coating 
I(111) / I (200) I(111) / I(220) 

10 TiC 5.00 2.92 

11 TiC0.7N0.3 5.80 1.45 

12 TiC0.2N0.8 35.00 9.33 

 
 

4. Summary and conclusions 
 

XPS, ERDA and XDS techniques were used to investigate surface chemistry, chemical 
composition, phase composition and texture of TiN, TiC and Ti(C,N) hard coatings prepared on Si 
substrates under various deposition conditions. 

XPS analysis revealed the elemental composition and chemical bindings existing at the surface 
of the TiN films. It was pointed out that the coatings, with a stoichiometric TiN bulk, are covered by an 
oxidized layer consisting of a mixture of Ti2O3 and Ti oxynitride. Within the variation range of the 
nitrogen pressure from 2 × 10-2 to 5 × 10-1 Pa one could not be observed systematic changes of the 
surface chemistry. 

ERDA investigations allowed to find out the chemical composition and the stoichiometric 
coefficient (N/Ti ratio) of the TiN films. Experimental results showed that the films consisted 
preponderantly of Ti and N (in close proportions).  Small amount of O and C (approx. 1% for each 
element) were also detected. However, an unexpected high values for N/Ti ratios were obtained, if we 
take into account both XPS results, the film characteristics (phase composition, color, microhardness) 
strongly related to film stoichiometry and the existing research on this deposition method. This could be 
explained by an inaccurate knowledge of the stopping cross-sections of the ions in the TiN compound, 
that were found in literature and used in the computational model. 

It is interesting to note that for this deposition method, unlike other systems, the stoichiometry 
of the TiN compound does not change for variations of the N2 pressure over a relatively wide range 
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(from 10-2 to 1 Pa).  As a consequence, other film characteristics such as phase composition, texture, 
microhardness and deposition rate depend only slightly on these parameters within the above mentioned 
range.  

XRD analysis revealed that the TiN and TiC films consisted of TiN+Ti and TiC+Ti phases, 
respectively (only small amounts of Ti were detected). For Ti(C,N), the diffraction lines were 
positioned between those of TiC and TiN lines, depending of the C/N ratio. Under the usual deposition 
conditions, a strong (111) orientation was observed. 
 
 

Acknowledgements 
 

One of us (DM) is pleased to express his gratitude to the Catholic University of Louvain 
(UCL) – Belgium, for the access to the XPS facilities, as well as for the financial support during his 
stage at UCL. The kind assistance of the staff of the Department of Catalysis and Chemistry of Fine 
Materials during this stage is also highly acknowledged. 
 
 
 References 
 
  [1] Advanced Surface Coatings: A Handbook of Surface Engineering, ed. D. S Rickerky and  
        A. Matthews, Glasgow, 1995. 
  [2] Handbook of Deposition Technologies for Films and Coatings, ed.R.F.Bunshah, 2nd. ed 1995. 
  [3] H. Holleck, J. Vac. Sci. Technol, A4 (6), 2661 (1986).  
  [4] Handbook of Vacuum Arc Science and Technology, Ed. R. L. Boxman, D. M. Sanders, P. J.  
        Martin, Noyes Publications, Park Ridge, N. J., U.S.A (1995). 
  [5] H. Randhawa, Thin Solid Films, 153, 209 (1987). 
  [6] H. Randhawa, Thin Solid Films, 167, 175 (1988).  
  [7] J. Vyskocil, J. Musil, J. Vac. Sci. Technol. A 10, 1740 (1992).  
  [8] V. N. Zhitomirsky, I. Grimberg, L. Rapoport, R. L. Boxman, N. A. Travitsky, S. Goldsmith,  
       B. Z. Weiss, Surf. Coat. Technol. 133-134, 144 (2000).  
  [9] N. M. Mustapha, R. P. Howson, Vacuum 60, 361 (2001). 
[10] Practical Surface Analysis, 2nd Edition, Eds. D. Briggs and M. P. Seah (Wiley, Chichester,  
       1990). 
[11] S. Badrinarayanan, S. Sinha, A. B. Mandale, J. Electron. Spectrosc. Relat. Phenom. 49,  
       303 (1989). 
[12] A. R. Gonzalez-Elipe, G. Munuera, J. P. Espinos, J. M. Sanz, Surf. Sci. 220, 368 (1989).. 
[13] F. Werfel, O. Brummer, Phys. Scr. 28, 92 (1983). 
[14] C. Ernsberger, J. Nickerson, A. E. Miller, J. Moulder, J. Vac. Sci. Technol. A 3, 2415 (1985). 
[15] C. Spaeth, M. Kuhn, F. Richter, U. Falke, Diamond Relat. Mater. 7, 1727 (1998). 
[16] F. Negoita, C. Borcan, D. Pantelica, NIPNE Scientific Report, 1966, p.120 
[17] H. Wu, T. C. Chou, A. Mishra, D. R. Anderson, J. K. Lampert, S. C. Gujrathi, Thin Solid Films,  
        191, 55 (1990) 
[19] S. F. Ziegler, Stopping Cross-sections for Energetic Ions in all Elements, Vol. 5, Pergamon, New  
       York, 1977. 
[20] V. Poulek, J. Musil, R. Cerny, R. Kuzel jr., Thin Solid Films, 170, L55 (1989).  
[21] J. E. Sundgren, B. O. Iohansson, S. E. Karlsson, H. T. G. Hentzell, Thin Solid Films, 105,  
       367(1983) 
[22] F. A. Steimann, H. E. Hintermann, J. Vac. Sci. Technol., A3 (6), 2394 (1995).  
 


