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Carbon nitride (CNx) thin films were deposited onto silicon and steel substrates at 400 °C from a carbon 

target by d.c. magnetron sputtering system. The composition, structural, and mechanical properties of de-

posited films were investigated as a function of argon/nitrogen concentration and sputtering power, by 

means of Energy Dispersive X-ray Spectroscopy (EDS), Fourier Transform Infrared Spectroscopy 

(FTIR), Raman Spectroscopy (RS), and nanoindentation. The EDS and Elastic Forward Analisys Analysis 

(EFA) showed that the nitrogen concentration in the CNx deposited films varied between 16% and 28% at 

depending on nitrogen concentrations in argon/nitrogen gas mixture, and deposition power. FTIR analysis 

indicated the presence of 2266 and 2278 cm–1 stretching peaks associated with CN triple bonds of nitriles 

and isocyanides, 1640 cm–1 and 1545 cm–1 associated with the C=C and C=N bonds. The thickness of the 

CNx deposited films varied between 0.4 and 0.8 µm at different sputtering powers. The hardness and Y-

oung's modulus were investigated by depth sensing nanoindentation method. The obtained hardness and 

Young's modulus increased from 4 to 17 GPa, and from 50 to 170 GPa, respectively; when the nitrogen 

content in the deposited films diminished between 28 and 12 %. On the other hand, the friction and wear 

tests were done using a pin-on-disc tribometer. The friction tests showed values of 0.05 and 0.4 in dry air 

and humid atmosphere; respectively. 

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction   Ever since the theoretical prediction by Liu and Cohen [1, 2] of a super hard β-C3N4 

crystalline phase harder than diamond and with high bulk modulus, many research groups have carried 

out experimental efforts to synthesize this new material. However, in recent years a relatively new car-

bon nitride material turns out to be much more interesting, from a material´s research and applications 

point of view [3]. This material is the fullerene-like CNx discovered at Linköping University in 1995 [4]. 

 

In general, CNx films contain a mixture of carbon sites characterized by ‘diamond’ sp3, ‘graphite’ sp2 

and, to a lesser extent, ‘nitrile’ sp1 hybrid configurations. Amorphous CNx thin films are currently being 

extensively studied for their potential tribological application owing to their favorable mechanical and 

tribological properties [5]. Deposited under appropriate deposition conditions, hard and elastic CNx films 

with outstanding elastic recovery have been synthesized [6–8]. 
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Amorphous CNx thin films have already found applications as protective overcoats on hard disks and 

read/write heads [9, 10] and in general in the expanding nanotechnology field due to their high wear 

resistance and low friction properties [11, 12]. For this reason, it is necessary to study mechanical and 

tribological properties on the nanoscopic level [13]. 

Fourier Transform Infrared (FTIR) and Raman spectroscopies have been widely used techniques to ana-

lyze CNx films [14], since C-N bonds have active modes in IR and Raman.  In this paper, the bond struc-

ture, morphology, mechanical and tribological properties of d.c. magnetron sputtered CNx films are in-

vestigated. In particular we show the effect of the power and the Ar/N2 relation in the gas mixture during 

the deposition process, on the properties of the films, particularly on their tribological behavior. 

 

2 Experimental details   A pure (99.999%) pyrolytic graphite target (25.4 mm diameter) was reactively 

sputtered in an Ar/N2 discharge at different N2 partial pressures by means of a d.c. magnetron operated at 

a constant total pressure of 5x10–2 mbar and at various power discharges (between 80 and 150 W). CNx 

thin films were deposited onto high resistivity silicon (100) and AISI D3 steel substrates (chemical 

composition: C 1.9, Si 0.30, Mn 0.35, Cr 11.6, S 0.03, P 0.02, Ni 0.5). Before film deposition, the 

vacuum chamber was pumped down to a base pressure of less than 5x10–5 mbar by a turbomolecular 

pump backed by a membrane mechanical pump in order to reduce the effects of residual air. 

Subsequently, the target was plasma cleaned for 10 minutes to remove any oxide layer. In order to 

investigate the effect of the power and the Ar/N2 relation of the gas mixture on the properties of the 

films, two series of samples were prepared: (80/20), and (60/40) of the Ar/N2 gas mixture at different d.c. 

powers (80, 100, and 150 W). All the films were deposited at a substrate temperature of 400 °C. 

The chemical composition was determined from Elastic Forward Analysis (EFA) measurements using 
7Li ions of 4.0 MeV [15]. The angles between the ion beam and the sample surface and detector were 30° 

and 45° respectively. This technique is able to detect the presence of the hydrogen in the films. In some 

cases the chemical composition of coatings was obtained by EDS using an electron microscope equipped 

with an energy-dispersive X-ray probe (SEM Phillips XL-30). FTIR measurements were performed on 

an 8400 Shimatzu FTIR spectrometer (350–4600 cm–1), which uses a Nerst-type ceramic source. Raman 

spectroscopy measurements were carried out on a micro Raman system (HR LabRam II by Jobin Yvon), 

using the 632.8 nm He-Ne laser line, attenuated 100 times with a 2 microns spot. For each Raman mea-

surement the sample was exposed to the laser light for 5 s and 100 acquisitions were performed in order 

to improve the signal to noise ratio. Surface roughness, grain size, and morphological studies were de-

termined by means of AFM (Autoprobe CP Park Scientific Instrument).  

 

The hardness (H) and elastic modulus (E) of the coatings were evaluated by depth-sensing indentation 

technique using a Fischer Instruments-Fischerscope. The load (P) was increased to a maximum indenta-

tion load of 4 mN, and in each case 20 measurements were performed. The testing procedure includes 

the correction of the experimental results for geometrical defects in the tip of the indenter, thermal drift 

of the equipment, and uncertainty in the initial contact. The Poisson ratio used for the calculation of the 

Young’s modulus was 0.29. 

 

Wear tests were done on the samples grown onto steel substrates using a pin-on-disc tribometer (CSEM 

Instruments). The steel 100Cr6 ball with a diameter of 6 mm was used as a sliding partner. All measure-

ments were provided with a linear speed of 0.05 m s–1. Two sets of sliding tests were carried out – the 

first in dry air (relative humidity lower than 5%) and with a load of 5N (5000 laps), the second in humid 

air (relative humidity 50%) with a load of 1N (1000 laps). The morphology of the coating surface and 

wear tracks was examined by scanning electron microscopy (SEM); the chemical analysis of the wear 

tracks and the wear debris was obtained by EDS. The profiles of the wear tracks were measured by me-

chanical profilometer. The wear rates of the ball and coating were calculated as the worn material volu- 
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Fig. 1a Nitrogen content of deposited films at different 

applied powers, determinated from EFA measurements. 

Fig. 1b Hydrogen content of deposited films at different 

applied powers, determinated from EFA measurements. 

 

me per sliding distance and normal load. The average value of three profiles measured on one wear track 

was used to calculate the coating wear rate. The maximum depth of the wear track was only about 25% 

of the thickness of the coating, which should minimize the influence of the substrate on the tribological 

properties of the coatings. 

 

3 Results and discussion 

3.1 Composition    Figure 1a shows the nitrogen content as a function of the d.c. power for the two sets 

of deposited thin films. For the 60/40 Ar/N2 mixture, it is observed that as the d.c. power increases from 

80 to 100 W the nitrogen content increases abruptly from 16.0 at.% to 26.0 at.% and then saturates at the 

highest power. For the 80/20 Ar/N2 mixture a similar behavior is observed but with higher nitrogen va-

lues. It is worth noting that similar trends have been reported using different deposition systems [3, 16]. 

This behavior can be attributed to a competition of mechanisms that involve nitrogen incorporation in the 

carbon network, that favor the “fullerene like” microstructure, and at higher d.c. power, the formation of 

volatile N2 and CxNy species, producing chemical sputtering [7]. Figure 1b shows that in general the 

hydrogen content in the films decreases when the applied power increases. The hydrogen present in the 

films could be attributed to atmospheric moisture adsorption after deposition process, and suggest the 

formation of a more porous material at lower powers. 

 

3.2 Bonding films characterization   FTIR and Raman analysis were used to study the chemical bond-

ing in the CNx films. For FTIR analysis, the spectra were taken in transmittance mode using the films 

deposited onto silicon substrates. Figure 2 shows the FTIR spectrum in the 500-3000 cm–1 range of CNx 

film obtained at 150 W, 300 °C, and (60/40) of the Ar/N2 gas mixture. Similar behavior present the films 

grown at (80/20) of the Ar/N2 gas mixture.  In this spectrum, the band pointing at 1250 cm–1 correspond 

to C-H, C-N, N-H, and N-N vibrations. On the other hand, the broad band between 1690 cm–1 and 1545 

cm–1, is associated with the C=C (1640–1667 cm–1) and C=N–sp2 bonds (1471–1689 cm–1), stretching 

vibrations of non-conjugated alkenes and azometinic groups, respectively [15, 18]. The peak at 1765 cm–1 

is well established with the C=O, carbonyls groups [16, 17]. Finally, the films deposited at different 

Ar/N2 gas mixture reveal the presence of the 2266 cm–1 stretching peak related to CN triple sp-bonds 

(C≡N) of nitriles [16, 18]. According to Ferrari et al. [14] in amorphous carbon nitrides (a-C: N) the IR 

spectra of H-free films show only a single broad band with two modulations at ~ 1300 and ~ 1550 cm–1, 

with slightly different intensity ratios. 
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Fig. 2 FTIR spectrum of CNx film, deposited at 150 W, 300 °C, and (60/40) of the Ar/N2 gas mixture. 

 

 

In order to obtain data about the main features of the Raman spectra (peak D and peak G), a fitting pro-

cedure using a Breit-Wigner-Fano line for G peak, plus a Lorentzian one for D peak, was used. In this 

case we refer to ID/IG as the ratio of peak heights, and it was followed the three-stage model proposed by 

Ferrari et al. [14] for the interpretation of spectra. Figure 3 shows the position of G peak, as a function of 

the working power, for a fixed working gas mixture (Ar/N2) 60/40. As it is observed the G peak position 

shifts towards higher values as a function of the working power. According to the three-stage model of 

Ferrari [14], this material’s trend is interpreted as an increase, in size or number, of sp2 cluster sites, and 

therefore the material becomes more ordered as the working power increases. In other words, a more 

graphitic material is being formed as the working power increases. When samples were prepared using as 

the working gas an 80/20 (Ar/N2) mixture, the trend was similar. Despite almost equal amount of nitro-

gen in the films, about 25%, the Raman measurements showed a different structure. FWHM of the D 

peak was always higher when the 80/20 (Ar/N2) gas mixture was used, which can be related to the for-

mation of smaller clusters due to a higher bombardment that the samples undergo in this case. 

3.3 CNx film morphology   The morphology of different deposited films onto Si was investigated  

by AFM. Three samples deposited at two different Ar/N2 gas mixture, and at two different powers were  
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Fig. 3 Position of G peak, as a function of the working power, for a fixed working 60/40 Ar/N2 gas mixture. 
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Table 1 Roughness and grain size of deposited films at different d.c. powers and Ar/N2 ratios. 

Ar/N2 
Power 

(W) 

Roughness 

(nm) 

Grain Size 

(nm) 

60/40 100 2.62 105 

80/20 100 5.70 140 

80/20 150 3.35 35 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Typical AFM image of film deposited at 80 W and 60/40 Ar/N2 gas mixture. 

 

analyzed. As we can see in Table 1, the roughness and grain size increase when the N2 content diminish 

in the gas mixture for a fixed d.c. power, since the films deposited with a less content of nitrogen in the 

working gas undergo a higher ion bombardment. On the other hand, at a fixed Ar/N2 gas mixture the 

roughness and grain size diminishes when the d.c. power increases. As it can be seen from the AFM 

image (Fig. 4), the films surface consist of small particles revealing a porous structure, that support the 

idea of hydrogen adsorption after deposition process. 

 

3.4 Hardness   The using loads for all the hardness measurements allow that the maximum displacement 

did not exceed approximately 15% of the films thickness, which varying from 205 to 487 nm for 

different deposition parameters. Hardness of CNx coatings prepared by magnetron sputtering depends on 

many factors and a wide range of values can be found in literature [19]. In our case, the hardness is very 

low in the range 1.8–4.2 GPa when the N concentration in the films varies from 16 to 28 at. %. It is 

worth mentioning that similar values have been reported in the literature [5]. For N concentration as low 

as 12 at.%. the hardness reach its maximum value close to 17 GPa [20]. On the other hand, the elastic 

modulus diminish from 170 to 30 GPa following a similar tendency as hardness. These results agree well 

with Raman analysis, because as the N content increases a more graphitic material is obtained, which is 

associated with low hardness values as it is showed in Table 2. 

 
Table 2  Hardness, elastic modulus and tribological properties of CNx coatings. 

Friction Coeffi-

cient 

Wear rate 

(10–6 mm3/Nm 

Sample Ar/N2 Power 

(W) N 

(at.%) 

H 

(GPa) 

E 

(GPa) 

DA HA DA HA 

S1 60/40 80 16.0 4.2 ± 0.4 68 ± 3 0.160 0.39 0.11 26 

S2 60/40 100 26.0 3.2 ± 0.4 76 ± 7 0.072 0.33 0.08 17 

S3 60/40 150 25.8 3.0 ± 0.2 43 ± 1 0.091 0.31* 0.08 Failure 

S4 80/20 80 26.4 3.3 ± 0.6 48 ± 10 0.200 0.30 0.23 30 

S5 80/20 100 27.5 2.1 ± 0.1 35 ± 1 0.045 0.18 - - 

S6 80/20 150 28.0 1.8 ± 0.1 30 ± 1 0.052 0.17* - Failure 

S7 90/10 80 12.0 17.0 ± 0.1 170 ± 1 - - - - 

*Average value of friction coefficient up to failure 

200nm
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3.5 Tribological characterization   The friction and wear rates of CNx coatings are shown in Table 2. 

As expected, the tribological response of CNx films has been found very dependent on the air humidity. 

In general, the friction coefficient and wear rate are much lower for sliding in dry air. The sliding tests in 

humid environment were limited by low adhesion of coatings on the substrates, since the tangential force 

caused by load during sliding process was higher. As the wear process progressed, the decreasing 

thickness of the coating did not sustain the sliding forces and coating was peeled off due to adhesive 

failure. Thus, as referred to above, the number of cycles and load were significantly reduced in case of 

sliding in humid environment. 

 

All coatings tested in dry air exhibited similar friction behavior consisting of initial and steady-state 

stage (Fig. 5a). In the former stage, the friction coefficient is driven almost exclusively by film rough-

ness. The initial value of the friction coefficient was around 0.25 for all coatings. After couple of turns, 

the highest asperities of both materials in contact were worn out producing transfer layer between the 

ball and the coating. The contact area became smoother and friction decreased to the level typical of 

steady-state regime. This regime is influenced particularly by the presence of the thin transfer layer of 

the wear debris. It was found that the thickness of the interlayer and the coating wear rates decreased 

with increasing power. The lowest friction and wear rates were obtained in case of the coatings S5 and 

S6. The wear of the coating were limited only to the highest asperities, since almost no wear tracks were 

observed. Consequently, no wear debris was observed, since the ball wear was negligible in case of sli-

ding in dry air. 

 

  
Fig. 5a Friction coefficient versus number of sliding 

cycles (dry air). 

Fig. 5b Friction coefficient versus number of sliding 

cycles (humid air). 

 

The wear resistance of CNx coatings tested in humid air is significantly higher than that of dry air (about 

two orders of magnitude). Despite decrease of the load and number of laps, the coatings S3 and S6 did 

not persist beyond 300 and 850 cycles, respectively. However, coating S5 showed negligible wear very 

similar to the results of sliding in dry air. The obtained results are contradictory to some previous studies 

[20], thus, a detail wear mechanism analysis has been carried out. The investigation of the wear tracks, 

ball scars and wear debris and transfer layer by SEM/EDS revealed that the wear debris contained large 

particles originating from the ball material (Fig. 6a). It corresponds with the investigation of the ball 

wear scars showing significant worn volume of ball material. These large particles are probably embed-

ded between two surfaces in contact, which causes severe scratches in the wear tracks parallel to relative 

movement direction. Consequently, the friction coefficient increases. As can be seen in Fig. 5b, despite 

different friction evolution the final value of friction coefficient corresponding to steady-state regime is 

the same for the samples S1 and S2. It seems that the wear debris is produced very rapidly in case of S1 

sample compared to that of S2. The coating S3 showed similar friction evolution as S2; however, the 

adhesive coating failure occurred. The coatings prepared with the (60/40) Ar/N2 gas mixture showed 
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different behavior. Although tribological behavior of S4 sample corresponds to that of S2, S5 sample 

exhibited the best friction and wear properties. The friction coefficient decreased from an initial value of 

0.35 to almost a constant value of 0.15 after 300 cycles. It can be attributed to the wear debris compositi-

on, which contained only small particles, see Fig. 6b. Moreover, the amount of the wear debris was very 

low compared to other tested coatings. 

 

  

Fig. 6a SEM of wear debris particles taken from 

the S2 coating wear track after the sliding test, at 

humid air. 

Fig. 6b SEM of wear debris particles taken from 

the S2 coating wear track after the sliding test, at 

dry air. 

 

4 Conclusions   Based on our studies of the friction coefficient and wear behavior of the CNx coatings 

deposited onto pieces of silicon wafers and steel substrates by magnetron sputtering, measurements of 

chemical composition, structure and morphology, and analysis of the wear tracks and wear debris using 

SEM/EDS, we draw the following conclusions: 

- The deposited CNx coatings can be characterized as a-C:N 

- The hardness decreases with increasing the nitrogen content in the films. 

- The friction coefficient is lower for sliding in dry air 

- The wear rates of the coatings tested at humid air are about two orders of magnitude higher 

compared to the wear rates at dry air  
In our study, the presence of tribolayer detrimentally influences the friction and wear properties of CNx 

coatings sliding against 100Cr6 ball in humid air. 
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