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 The ternary titanium chromium nitride (TiCrN) thin film on Si (100) substrate without any 

external temperature was deposited by radio frequency (RF) magnetron sputtering. The 

substrate was kept at a distance of 35 mm from the target. The growth morphology, 

crystalline structure, roughness, contact angle, and thickness of the coatings were studied 

as a function of the input RF power and negative bias voltage. The grazing incident X-ray 

diffraction (GIXRD) results show that TiCrN diffraction peaks appeared only in samples 

with substrate bias = -70 V. The surface morphology was investigated by Atomic force 

microscopy (AFM) and field emission scanning electron microscopy (FESEM). The films 

change from hydrophilic to hydrophobic with the increase of negative bias voltage. The 

roughness and contact angle of the samples increase with the decrease in the RF power 

from 300 W to 200 W. In both cases (a) and (b), the deposition rate increases as a result of 

increase in the target power. 

1 Introduction 

 Of the physical methods to construct ternary metal 

nitrides coatings on an appropriate substrate is the 

physical vapor deposition (PVD) method, that 

magnetron sputtering method is one of the PVD 

methods that include direct current (DC) sputtering 

and radio frequency (RF) sputtering [1, 2]. The 

physical vapor deposition technique for deposition of 

hard coatings has developed because of their wide 

range of applications in industry and research such as 

machine parts and cutting tools [3]. The thickness of 

the coating can also be entirely controlled by this 

method [4]. 

 The binary nitrides coatings such as TiN, CrN, and 

ZrN are commonly utilized to improve the chemical 

and mechanical properties like high hardness, low 

friction coefficient, and good corrosion resistance of 

materials. Despite their perfect properties, the coatings 

show insufficient properties for some applications. For 

example, TiN and CrN coatings are degraded by 

oxidation during machining process at high 

temperatures above 600°C and 800°C, respectively 

[5]. Therefore, in order to suppress this problem, by 

incorporation additional metals such as Al, Zr, Cr, and 

V, coatings consisting of ternary mixed phases with 

improved properties can be obtained. However, the 

stability of the physical-mechanical features of such 

coatings under irradiation is inadequately studied 

which prevents their possible use as radiation-resistant 

protective coatings [6]. By Comparing with binary 

nitride hard coatings, the ternary coatings are very 

flexible due to their performances which may be 

tailored for various applications [7, 8]. Furthermore, 

the nanocrystalline structure more easily is created in 

ternary multi-coatings than binary coatings, because of 

addition atoms impede the base-phase growing in the 
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deposition. Most of the transition ternary metal nitrides 

such as TiAlN, TiCrN, and AlCrN are multi-phase 

materials by different PVD techniques [7]. Among 

these films, the TiCrN thin film because of its 

excellent features such as high hardness, high 

temperature oxidation resistance, low friction 

coefficient, and high chemical wear resistance [9-11] 

has attracted more attention. 

 In general, ternary nitride films such as TiAlN [12-

15], TiZrN [16, 17], TiVN [9], TiCrN [10] and CrAlN 

[18-27] were investigated by different techniques. For 

example, by reactive DC magnetron co-sputtering on a 

silicon substrate [3], ion beam assisted deposition [28], 

medium frequency magnetron sputtering [29], cathodic 

arc deposition [30], arc ion plating [31], and closed – 

field unbalanced magnetron sputtering [32, 33]. In this 

study, we deposited the TiCrN thin films on Si (100) 

substrates by the radio frequency (RF) magnetron 

sputtering method without any external temperature. 

We reported effects of the RF power and bias voltage 

on structural properties, thickness, and surface 

roughness of thin films. 

2 Experimental setup 

 In this study, the TiCrN thin films on the Si (100) 

substrate were deposited using RF magnetron 

sputtering at room temperature. This device (Fig. 1) 

includes a cylindrical stainless steel chamber, two 

pumps, a pressure gauge device to control inside of the 

deposition chamber pressure, and a power supply 

connected to the deposition chamber. Inside the 

deposition chamber, there is a Ti-Cr target with 2 

inches diameter and a substrate holder that was 

mounted in the upper part of the chamber.  

 During the coating process, high purity Ar (99.999 wt 

%) and N2 (99.999 wt %) were used as process gases 

while their flow rates were regulated by mass flow 

controllers. Since the substrate that we used, the Si 

(100) has an oxide layer (SiO2) at its surface, we 

washed it in hydrofluoric acid (HF) to remove the 

oxide layer for about one minute. Then, washed the 

substrate in the ultrasonic bath acetone, ethanol, and 

distilled water respectively for approximately 10 

minutes to remove contaminations and impurities. 

After cleaning the substrate, it was thoroughly dried 

and installed at the sample holder. The vacuum 

chamber was evacuated to base pressure of 10-5 mbar 

using a diffusion pump. Before deposition process, Ar 

gas was introduced into the vacuum chamber to pre-

sputter for 15 min to remove any impurity on the Ti-Cr 

target. The deposition pressure and the distance 

between target and substrate were kept at 0.02 mbar 

and35 mm, respectively. The detailed deposition 

parameters for the TiCrN thin films on the Si (100) 

substrate were presented in Table 1. All the deposition 

processes were carried out at an ambient temperature. 

All the samples were deposited for 1 h. 

Table 1. The deposition parameters for the TiCrN thin films on the 

Si (100) substrate. 

Sample 

Number 

Base 

pressure 

(mbar) 

Power 

(W) 

Bias 

voltage 

(V) 

Ar/N2 

Ratio 

Deposition 

time (min) 

Working 

pressure 

(mbar) 

1 

2 

3 

4 

10-5 

10-5 

 
10-5 

 

10-5 

300 

250 

 
300 

 

250 

- 

- 

 
-70 

 

-70 

1 

1 

 
1 
 

1 

100 

100 

 
100 

 

100 

0.02 

0.02 

 
0.02 

 

0.02 

 

 In this article, we report the synthesis of TiCrN thin 

films using the radio frequency (RF) magnetron 

sputtering method. The structural properties of the 

deposited thin films were evaluated using grazing 

incidence X-ray diffractometer (GIXRD; Philips X'pert 

PW1730, Netherlands) analysis equipped with a Cu 

Kα X-radiation (40 kV, 40 mA, 0.15406 nm), step size 

of 0.05°, and count time of one second per step. Field 

emission scanning electron microscopy (FESEM; FEI 

ESEM QUANTA 200) equipped with an EDX analysis 

working at an acceleration voltage of 12 kV was 

provided to analyze the morphological properties and 

the chemical composition of the samples.  

 
Figure 1. (a) RF magnetron sputtering device and (b) A scheme 

from inside this device. 

 

 The roughness of the samples was obtained using an 

atomic force microscope (AFM; Bruker, Billerica, 

USA) with a scan size of 5×5 μm2 and a scan rate of 1 

(b) 

(a) 
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Hz. The wettability of the surface of the coatings was 

also evaluated by measuring the contact angle of 

deionized water on the specimens using a contact 

angle measurement instrument.  

3 Results and discussion 

3.1 GIXRD analysis 

Figure 2 shows the results of GIXRD patterns of the 

TiCrN thin films deposited on Si (100) substrates for 

the input power of 250 W (samples 2 and 4). In these 

patterns, four compounds, including TiCrN, TiN, Ti2N, 

and CrN are seen. In sample 2, the pattern exhibits the 

diffraction peaks associated with CrN, Ti2N, and Si. 

The diffraction peaks 2Ɵ =25° (Powder Diffraction 

Patterns: 96-110-0032), 37.50, 43.60 and 63.40 (Powder 

Diffraction Patterns: 96-100-8957) are related to Ti2N 

(110), CrN (111), CrN (200) and CrN (220), 

respectively. The diffraction peaks 2Ɵ = 330 and 45.10

are related to Si (211) and Si (400), respectively. In 

sample 4, the pattern exhibits the diffraction peaks 

related to TiCrN, TiN, CrN, and Si. Considering the 

TiN (200) at diffraction angle 2Ɵ = 42.50, CrN and 

Ti2N peaks, it is observed that the TiCrN (200) and 

TiCrN (220) peaks are in the range of these 

compounds [3,30,32].  

Figure 2. GIXRD patterns of samples 2 and 4 (input power of 250 

W). 

 Figure 3 shows the results of GIXRD patterns of the 

TiCrN thin films deposited on Si (100) substrates for 

the input power of 300 W (samples 1 and 3). In sample 

1, CrN (111), TiN (200) and TiN (220) compounds 

and Si (211), and in sample 3, CrN (111), TiCrN 

(200), Ti2N (110), Si (002) and TiCrN (220) 

compounds are seen. When the bias voltage increases 

from 0 V to -70 V, two phases related to TiCrN are 

observed.  The emergence of these new induced phases 

can be due to the fact that the energy and flux of the 

ions are increased. As a result, a large number of target 

ion species arrived on the growing film that lead to the 

stoichiometry changes at the film to form a new phase 

TiCrN. Also, thin film thickness and the intensity of 

TiCrN (220) diffraction peak decrease as the RF power 

increases from 250 W in sample 4 to 300 W in sample 

3. This can be attributed to the etching effect.  

Figure 3. GIXRD patterns of samples 1 and 3 (input power of 300 

W). 

3.2 FESEM and EDS Analysis 

 In this study, the ternary nitride nanostructured TiCrN 

thin films were deposited successfully on Si (100) 

substrates at two cases: (a) without any bias voltage; 

(b) with a bias voltage = -70 V with the same 

deposition parameters. The field emission scanning 

electron microscopy micrographs are shown in Fig. 4. 

The morphology of all samples shows an entirely 

homogeneous and uniform surface of the TiCrN thin 

films. By comparing the samples without bias and 

samples with bias voltage, we observe that for the 

samples with bias voltage, the grain size becomes 

larger while the shape of the particles change. By 

comparing the input power, we see that as the input 

power increases in both cases (a) and (b), the grain size 

becomes smaller and the particle agglomeration 

increases. 

     From the cross-sectional FE-SEM images, as 

shown in Fig. 5, it turns out that the thickness of the 

coating in samples without bias voltage is greater than 
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the bias voltage samples. We observe that as the input 

power increases in both cases (a) and (b), the coating  

 

Figure 4. FE-SEM micrographs of the TiCrN thin films. 

thickness increases. With increasing the input power 

from 250 W to 300W, the coating thickness increases 

from 662 nm to 782 nm in case of without any bias 

voltage, and from 599 nm to 719 nm in case of with 

bias voltage. Also, by comparing (a) and (b) samples, 

we observed a decrease in coating thickness in the 

samples with a bias voltage. 

 

Figure 5: Cross-sectional FE-SEM morphology of the TiCrN thin 

films for samples 2 and 4. 

 According to results of the EDS analysis, it is 

observed that under the same conditions, in the sample 

without the bias voltage, more atoms of titanium, 

chromium, and nitrogen are deposited on the substrate. 

By comparing the input power, we observe that with 

increasing the input power in both cases, the number 

of atoms deposited on the substrate increases. Figure 6 

shows a typical EDS spectrum and atomic percentages 

of Ti, Cr, N, and Si for sample 2. 

 In Fig. 7, the distribution of each of the atoms is 

shown, which is taken by mapping analysis. Images 

represent the successful deposition of all atoms on the 

substrate. Also, line scan analysis results show the 

successful deposition of TiCrN thin films on the Si 

(100) process. This analysis exhibit that with 

approaches to the sample surface, the presence of Ti, 

Cr, and N atoms increase. The images for this analysis 

is shown in Fig. 8. 

 

 

 

 

 

 

 

 

Figure 6: Typical EDS spectrum of the sample 2. 

 

Figure 7: Typical elemental mapping analysis of nitrogen, silicon, 

chromium, and titanium on the surface of sample 2. 

 

Figure 8. Line scan analysis image of TiCrN thin films related to 

sample 2. 

Element Weight 

% 

N 20 

Si 32 

Ti 27 

Cr 21 
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3.3 AFM results 

 Atomic force microscopy (AFM) images of TiCrN 

thin films are shown in Fig. 9 (Fig. 9A: 2D and Fig. 

9B: 3D images). In this study, the AFM in contact 

mode is used to scan the area of 5 µm ×5 µm.  

Figure 9. (A) 2D-AFM images of the samples deposited and (B) 

3D-AFM images of the samples deposited. 

 With increasing the input power, we observe that the 

root mean square (RMS) roughness and average 

roughness (Ra) values of TiCrN thin films decreases. 

in case (a), by increasing the input power from 250 W 

to 300 W, the RMS values decrease from 5.57 nm to 

4.70 nm and average roughness values decrease from 

4.35 nm to 3.63 nm. In case of (b), by increasing the 

input power from 250 W to 300 W, the RMS values 

decrease from 7.86 nm to 6.55 nm and average 

roughness values decrease from 5.98 nm to 5.13 nm.   

By comparing the samples without bias voltage and 

samples with a bias voltage, we observe that the 

samples without bias voltage have lower RMS. It can 

be seen (Fig. 5) that the thickness of the film decreases 

with a bias voltage. An increase in the substrate bias 

voltage causes an increase in the flux and energy of the 

ions bombardment of the substrate surface.  The atoms 

etch the film, penetrate, will be trapped, and lead to 

film growth defects. Therefore, it increases the 

roughness of the films. 

 As the RF power increases from 250W to 300 W, the 

roughness of the film decreases. The ionization degree 

of target materials is small at lower RF power. The 

relative concentration of large-mass species is more 

than that of small-mass species. Meanwhile, at low RF 

power, the ion kinetic energy is low, the species 

reaching the substrate or the film surface are mainly 

larger-mass species. These larger-mass species are 

appropriate to form clusters and aggregates in the gas 

phase before deposition. Such clusters form 

preferentially on the surface. It leads to more defects 

such as the asperities on the film surface. The 

roughness values of the films deposited are given in 

Table 2. 

Table 2: Roughness parameters of deposited TiCrN thin films. 

Sample number RMS (nm) Ra (nm) 

1 

2 

3 

4 

4.70 

5.57 

6.55 

7.86 

3.63 

4.35 

5.13 

5.98 

3.4 Contact angle results 

 We measured the contact angle of TiCrN thin films 

using the sessile drop method, before and after 

deposition. As seen in Fig. 10, before the deposition 

process, our Si substrate had a contact angle value of 

fewer than 90 degrees (~ 61.70) and it is a hydrophilic 

surface. After the deposition process, the contact angle 

of all samples increased. The interesting point is the 

relationship between the roughness and the contact 

angle values of the coatings. As the roughness of the 

surfaces increases, their contact angle increases, and 

vice versa. The results show that the contact angle of 

the samples with a bias voltage is more than the 

samples without any bias voltage. This means that by 
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giving the bias voltage to the substrate, the surface of 

the coating is being hydrophobic, whereas it has 

previously been hydrophilic. On the other hand, with 

increasing the input power in both sets of samples, the 

contact angle decreases. As can be seen the Fig. 10, 

sample 4 has the highest contact angle value and is 

more hydrophobic than the rest of the samples. 

 

Figure 10. Variation of sample contact angle with different 

samples. 

 The water contact angle depends on the surface 

roughness, while can be explained by two models: 

Wenzel and Cassie-Baxter models [34]. Based on the 

Cassie-Baxter model, when the roughness of the 

surface increase, the proportion of air pocket increases 

correspondingly, and the contact angle should increase 

in the order of surface roughness from small to large. 

This is consistent with our results. 

4 Conclusions 

 The ternary nitride TiCrN nanostructured coatings 

were deposited successfully on Si (100) substrate at 

room temperature using the RF magnetron sputtering 

method. The effects of the input RF power and bias 

voltage on the structure and properties of the TiCrN 

coatings has been studied. The results of the GIXRD 

analysis show that the TiCrN thin film peaks appeared 

in samples with substrate bias=-70 V. The intensity of 

TiCrN (220) diffraction peak decreases as the RF 

power increases from 250 W in sample 4 to 300 W in 

sample 3. When the bias voltage increased from 0 V to 

-70 V, two phases related to TiCrN were observed. 

The FESEM images demonstrate quite a uniform 

surface with the homogenous distribution of the grain 

sizes. The cross-sectional FESEM images show that 

the thickness of the film decreases with a bias voltage. 

With increasing the input RF power from 250 W to 

300 W without bias voltage, deposition rate increases 

from 11 nm/min to 13 nm/min. As the RF power 

increases from 250W to 300 W, the roughness of the 

film decreases. The contact angle of the samples with 

bias voltage was more than the samples without 

voltage. 
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