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Abstract

:

Chromium nitride thin films are known for their good mechanical properties. We present the characteristics of ultrathin chromium nitride films under 400 nm thickness deposited on silicon substrates by direct current and high-power impulse magnetron sputtering techniques. The methods of investigation of the CrN films were scanning electron microscopy, atomic force microscopy, and nanoindentation. Qualitative and quantitative analyses were performed using AFM and SEM images by fractal dimension, surface roughness and gray-level co-occurrence matrix methods. Our results show that using magnetron techniques, ultrathin CrN films with excellent mechanical properties were obtained, characterized by values of Young’s modulus between 140 GPa and 250 GPa for the samples obtained using high-power impulse magneton sputtering (HiPIMS) and between 240 GPa and 370 GPa for the samples obtained using direct current sputtering (DC). Stiffness measurements also reveal the excellent mechanical properties of the investigated samples, where the samples obtained using HiPIMS sputtering had stiffness values between 125 N/m and 132 N/m and the samples obtained using DC sputtering had stiffness values between 110 N/m and 119 N/m.
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1. Introduction


Analyzing the reactivity of transitional metal nitrides, researchers concluded [1,2,3] that nitrides can be produced by the direct action of Nitrogen (N) on the metal when the small N atoms, which satisfy the empirical Hagg rule of the 0.59 ratio between non-metal/metal atom radii [3], will occupy the octahedral spaces in the body-centered cubic (BCC) Chromium (Cr) lattice and that the formed interstitial compound is influenced by the electrons in the metal’s outer shell [1,2]. As such, having five electrons in the three-dimensional shell, Cr will form two nitrides: Chromium nitride (CrN) and Dichromium nitride (Cr2N). The resulting alloy inherits most of the base metal properties. Moreover, metal–nonmetal bonds are formed due to the presence of N atoms in the Cr lattice and the connection is partly ionic due to the difference in electro-negativity between the two elements [4,5]. The resulting CrN has a higher melting point than the base metal, increased hardness, and retains the chemical stability of the base metal [6].



CrN coatings are widespread in applications for protecting surfaces from mechanical and chemical factors with many research articles reporting its properties, especially in tribological applications where because of certain requirements, hard metal coatings with low chemical reactivity must be used [7,8].



CrN was proven as a great option for protective coating applications due to its hardness, low coefficient of friction and great corrosion resistance [9,10,11,12,13,14]. Moreover, CrN exhibits good heat resistance [15,16] and great thermal stability [9,17]. These exceptional properties recommend CrN as a good candidate for microelectronics applications [17], especially in the domain of protection against corrosion, oxidation, and heat [17]. A remarkable property of CrN thin films is the tunability of resistivity with the orientation of crystallites [18], which opens a large palette of electrical applications of CrN.



Supercapacitor applications represent another research area in which massive progress has been made in the last few years [19,20,21,22]. Due to their high specific capacitance and cycling stability, metal nitrides hold great potential as supercapacitor electrode materials. In the Ref. [19] the authors prepared CrN thin films by direct current magnetron (DC) sputtering on polished Si wafers. They found that electrochemical performance can be easily tuned by varying the deposition conditions.



Depositing CrN thin films with thicknesses of tens of nanometers on silicon can be very useful for covering photovoltaic cells [23].



In this article, we deposit CrN thin films on a silicon substrate by using two different techniques and three deposition durations for each technique. Both techniques are methods of physical vapor deposition of thin films onto a substrate, where the main difference is the type of power supply used in the deposition process. The first method, direct current (DC) sputtering, uses a direct current power supply, while the second method, high-power impulse magnetron sputtering (HiPIMS) uses an alternating current power supply. Another difference between the two methods is the quantity that they are able to process; DC sputtering is preferred when dealing with large quantities of large substrates while HiPIMS sputtering is preferred for smaller sized substrates. Both are used as industrial scales, where DC sputtering is used for coating the edge of cutting tools and HiPIMS sputtering is used for the coating of electronic circuits that also act as structural elements. For this reason, we chose to study the structural and mechanical properties of ultrathin CrN depositions, providing insights into the best deposition conditions to a obtain uniform, highly protective coatings. In order to obtain ultrathin coatings, we chose the deposition times of 5, 10, and 15 min, taking into account that in the case of industrial applications, the deposition times typically start from 180 min, for the layers having thicknesses thicker than microns.



The deposition times of 5, 10, and 15 min were chosen specifically because we wanted the deposited layer to be below 400 nm. During our experiments we tested different deposition times, and noticed that for deposition times greater than 15 min, the thickness of the deposited layer would exceed 400 nm. For the research purpose of studying depositions with thicknesses thinner than 400 nm, we chose 15 min as the maximum deposition time, because for this deposition time we would obtain samples with a thickness of the deposited layer near 400 nm. We also chose to produce samples in which the deposited layer was thinner by using the lower deposition times of 5 and 10 min.




2. Materials and Methods


2.1. Sample Preparation


CrN films were deposited using a Z-550-S Leybold–Heraeus (Cologne, Germany) sputtering system. A 6 inch Cr cathode was placed in the top plate of the vacuum chamber and the Silicon (Si) substrates were placed in the bottom holder which is rotating with a speed of 6 rot/min and is kept at a constant temperature of 25 °C. Prior to the deposition, the Si samples were polished and cleaned in Argon plasma for 10 min.



A turbo-molecular pump was used to evacuate the system to a base pressure of 2 × 10−4 mbar and Argon was released into the chamber at a flow rate of 20 sccm. Separately, N was released into the chamber until a working pressure of 2 × 10−2 mbar was obtained.



A schematic diagram explaining the deposition chamber can be found in Figure 1.



In the first batch, the power supply for the sputtering system was an SSV-2.5 kW DC power supply, with a constant power of 1000 W, a current of 2.89 A, and a voltage of 392 V. The Si substrate was biased at 100 V, with a frequency of 900 Hz and an impulse duration of 195 μs.



In the second batch, the power supply for the sputtering system was an HiPSTER 1, Ionautics (Linköping, Sweden) high-power impulse magnetron sputtering (HiPIMS) power supply, with an average power of 1000 W, frequency of 900 Hz, with an impulse duration of 65 μs. The substrate was biased at 100V, with a frequency of 900 Hz and an impulse duration of 195 μs.



A list of the samples is found in Table 1, embracing their designations, the power supply type, and the deposition time.




2.2. Characterisation Techniques


To determine the film morphology and thickness and the chemical composition of both the CrN layer and the Si substrate, a high-resolution scanning electron microscope of the Inspect F50, FEI (Hillsboro, OR, USA, with field emission electron gun–FEG) equipped with an EDAX-type energy-dispersive X-ray spectrometer (EDAX) was used.



For the investigations of surface topography, an NX10 Park (Suwon, Republic of Korea) Atomic Force Microscope (AFM) was used, equipped with a non-contact probe (NCHR, Nanosensors, Neuchatel, Switzerland) with a resonance frequency of 300 kHz and a sub-10 nm tip radius. We acquired 512 × 512 pixel images on 10 × 10 µm2 areas on the deposited films, and we further used the images for the quantitative measurements.



On the same AFM system, we performed elasticity measurements by force–distance spectroscopy, for which we used a contact probe (CONTSCR, Nanosensors, Neuchatel, Switzerland) with a tip radius of sub-10 nm and a force constant of 0.2 N/m. We computed Young’s modulus with the Hertzian method using the resulting force-separation curves.



Shallow nanoindentation was performed as well by using the AFM system with a TD26706 probe (Micro Star Technology, Huntsville, AL, USA) having a nominal force constant of 154 N/m, resonant frequency of 40 kHz, and a tip radius smaller than 25 nm. Analysis of the approach–retract curves in the shallow regime was used to extract the material stiffness.



Water contact angle tests were performed using a simple imaging system built on table composed by a CCD camera and an adjustable microscope sample holder. For each sample, a drop of 10 μL demineralized water was placed on the surface and imaged by our system. The acquired images were analyzed using ImageJ to measure the contact angle.




2.3. Image Analysis and Measurements


We used both acquired SEM and AFM images for quantitative and qualitative measurements. Being one of the crucial technical parameters of the manufactured parts, especially in metallic deposition applications, surface roughness was one of the quantities evaluated from the AFM investigations. As a measure of surface roughness, we used the surface area roughness (Sq) present in the AFM surface topography. We evaluated the surface roughness by using Gwyddion image analysis software [17].



The fractal dimension (FD) is another measure used to quantify the organization of structures appearing in a microscopic image. FDs values close to 2 indicate smoother surfaces, and values close to 3 indicate a high degree of roughness. Fractal analysis can be performed either on grayscale images or binary (black and white) images. In the case of the analysis carried out on samples within the experiment, we considered the case of grayscale images. We performed fractal analysis by using ImageJ’s FracLac plugin (2015Apra4308, 2015, Audrey Karperien, Bathurst, Australia), which computes the fractal dimension using the “box counting” method. With this method, the image is covered by successively smaller squares. At each step, the number of squares containing the image elements is counted. Such image elements are different in pixel intensity in the area occupied by the squares. The fractal dimension, which is a measure of the complexity of the image, is calculated as the slope of the regression line of the log–log plot of the difference in pixel intensity in the area covered by the squares and the size of the squares.



The other two measures of uniformity in an image are entropy (S) and autocorrelation length (L). The entropy reflects the uniformity of the height distribution of the topographical profile [18], while the autocorrelation length offers a measure of the uniformity of the surface texture [19,20]. We computed these two parameters using Gwyddion (2.62, 2022, Czech Metrology Institute, Jihlava, Czech Republic).



Another set of quantitative measurements can be obtained from the gray-level co-occurrence matrix (GLCM) which represents a second-order statistical modality that provides information related to the spatial relationship between pixel intensities in each image [21]. The GLCM matrix is built based on the number of occurrences of a certain pair of pixels, at a specific distance between pixels. Each result is divided by the total number of elements to calculate a probability. Such a matrix can be calculated for any distance between pixels, either horizontally (0°), vertically (90°), or diagonally (45°, 135°). Because we observed only small variations between the values calculated according to different orientations, we report here the average value for the results obtained for the four orientations. We extract two features of the GLCM: energy (or the angular second moment) and correlation.





3. Results and Discussions


3.1. Chemical Composition


EDAX elemental mapping obtained for the case of DC power supply deposition are presented in Figure 2. For each time duration of the deposition, a composite image is displayed containing a SEM cross-section and Si, Cr, and N elemental maps, respectively.



Figure 3 presents the EDAX elemental mapping obtained for the case of HiPIMS power supply deposition. Similar to the previous case, for each time duration of the deposition a composite image is displayed containing a SEM cross-section and Si, Cr, and N elemental maps, respectively.



The distribution of Cr and N in the deposited layer (Figure 2 and Figure 3) is homogeneous and uniform with no noticeable defects in the deposition layer. It is therefore expected that the thin CrN layer will provide corrosion resistance for the Si surface beneath. The interaction (diffusion) at the deposition/substrate interface can also be noticed.



Apart from a qualitative inspection, EDAX spectra allow the measurement of the weight distribution of each element: Si (substrate), Cr, and N. The EDAX spectra for each sample was acquired in the region of the red boxes represented in Figure 2 and Figure 3. The corresponding spectra (number of counts vs. energy levels) for the CrN films deposited by the DC power supply for each time duration are presented in Figure 4.



Similar to the previous case, the corresponding spectra (number of counts vs. energy levels) for the CrN films deposited by the HiPIMS power supply for each time duration are presented in Figure 5.



The existence of Cr and N signals in the EDAX spectra (Figure 4 and Figure 5) confirms the successful deposition of an ultrathin CrN layer on the Si substrate. The strong presence of Si signals in the EDAX spectra represented in both Figure 4 and Figure 5 is explained by the dimensions of the boxes chosen for analysis (represented in Figure 2 and Figure 3 as red boxes). Even if the analysis area was only positioned on the upper position of the deposited layer there would still be a Si signal in the EDAX spectra due to electron scattering in the ultrathin CrN layer.




3.2. SEM Investigations


3.2.1. Surface Morphology


The surface morphology imaged by SEM for the case of the DC power supply is represented below (Figure 6), for the three durations: 5 (Figure 6a), 10 (Figure 6b), and 15 (Figure 6c) min.



Similarly, the morphology analysis results for the case of the HiPIMS power supply are represented in Figure 7, for the same time durations of the deposition process (5, 10, and 15 min, respectively).



All the images in Figure 6 and Figure 7 were obtained with the same magnification.



For the DC power supply (Figure 6), the deposition was rough, and a fine columnar growth pattern could be seen even after a deposition time of 5 min. The growth pattern for the DC method first develops as small blobs, and as the deposition time increases those blobs act as nuclei for other blobs to form near and on top, thus increasing in size. Finally, because of the distribution of these blobs, a columnar growth pattern begins to form. Our findings are confirmed by other results in the literature, as DC sputtering is known to create fine and columnar depositions, a fact which we have shown holds true even for ultrathin deposition as in our case. On the contrary, in the case of the HiPIMS power supply (Figure 7), no noticeable growth pattern can be distinguished. This shows that the deposition layer is smooth and homogeneous as there are no noticeable growth patterns. This kind of deposition mechanism is also representative, as the HiPIMS deposition is known to create dense and glassy depositions. This seems to hold even for ultrathin depositions, as in our case.




3.2.2. Surface Morphology Analysis


The above morphology images obtained by SEM investigations were further analyzed to compute the FD parameter for each sample. Table 2 summarizes the results of this analysis.



The fractal dimension values in Table 2 show the common behavior of the samples irrespective of the power supply or the deposition time, varying between 2.696 for the CrNHi5 sample and 2.832 for the CrNDC5 sample.



The same morphology images were also analyzed from a statistical point of view. After computing the GLCM matrix for each image, the energy and correlation parameters were extracted for different pixel distances (1, 10, and 100 pixels) in each image. The results are summarized in Table 3.



The energy values of the surface morphology GLCM matrix (Table 3) did not have great variations based on the pixel distance, but they did vary based on power supply type and deposition time. For the DC power supply, the energy increases with deposition time and for the HiPIMS power supply, the energy decreases with deposition time. This means that the layer deposited using the DC power supply becomes smoother as the deposition time increases, while the layer deposited using the HiPIMS power supply becomes rougher.



For the correlation value extracted from the surface morphology GLCM matrix (Table 3), we notice a dependency on three factors: pixel distance, power supply type, and deposition time. Correlation greatly decreases with pixel distance. For both the DC and HiPIMS power supplies, the correlation increases with deposition time. An interesting aspect is the rate at which correlation increases, where the correlation for the deposition performed using the DC power supply starts at 0.033 for the distance of 1 pixel and after 15 min it ends at 0.085, while the correlation for the deposition done using the HiPIMS power supply starts at a greater value of 0.064 for the distance of 1 pixel, and after 15 min it ends at 0.067. Thus, even if the correlation parameter for the HiPIMS power supply starts at a greater value because the correlation for the DC power supply increases at a greater rate, it ends up being smaller than the correlation for the DC power supply.




3.2.3. Film Thickness


Measurements for the thickness of the CrN layer performed by SEM are presented below for the case of the DC power supply (Figure 8).



Similarly, the corresponding images for thickness measurements of the deposited film for the case of HiPIMS power supply are represented in Figure 9. The same magnification factor was used in all displayed SEM investigations to aid the visual perception.



Table 4 summarizes the measured thickness for each presented sample.



Analyzing Figure 8 and Figure 9, one can notice that the main difference in the films deposited by DC sputtering and HiPIMS sputtering consists greatly in the structure of the morphology. In Figure 8, the deposited layer when using the DC power supply seems fine and has a columnar structure, while in Figure 9, the deposited layer in the case of the HiPIMS power supply seems dense and uniform. Moreover, the film thickness can be extracted from the figures mentioned previously. When using the DC power supply, the film thickness increases at an approximately constant rate, but when using the HiPIMS power supply the film thicknesses for the deposition times of 5 and 10 min are approximately the same, while for the deposition time of 15 min it sees a sudden jump of 200%.



The thickness measurements also confirm the differences in material quantity deposited by the two methods, which resulted from the chemical composition analysis. For each time deposition duration, the CrN layer is 4 to above 5 times thicker in the case of the DC power supply than in the case of HiPIMS.





3.3. AFM Investigations


3.3.1. Surface Topography


The topography images obtained by AFM investigations on samples containing CrN films deposited by the DC power supply are presented in Figure 10.



Figure 11 shows the topography images obtained by AFM investigations on samples containing CrN films deposited by the HiPIMS power supply.



Analysis of the topography images acquired on samples obtained by the DC sputtering method (Figure 10) reveals that the defects tend to be visible at reduced deposition times, with the characteristic structures of the substrate fading out after a deposition time of 10 min. Another noticeable observation is that in DC sputtering, a characteristic columnar growth structure is observed. Even after 15 min of deposition, the CrN layer does not become uniform.



The results obtained by AFM imaging of the CrN layer deposited through HiPIMS sputtering (Figure 11) indicate that at reduced deposition times the microscopic scratches that were on the Si substrate took place are still visible after the deposition process, indicating an ultrathin layer (which is confirmed by the results from Table 4). As the deposition time increases to 10 min, the microscopic scratches that were on the Si substrate are still visible, indicating the formation of a layer that has a thickness comparable to the layer deposited in 5 min. Lastly, for the deposition time of 15 min, the HiPIMS sputtering method creates a layer that has a more uniform appearance than those obtained at shorter deposition times. The same conclusion is supported by the statistical analysis discussed below.




3.3.2. Mechanic (Elastic) Properties


We compute Young’s modulus from force–distance curve analysis performed in 15 different locations for each sample. Similarly, we determine the surface stiffness as the slope of the force-separation curve in the contact region from approach–retract curves resulting from nanoindentation processes. The results can be found in Table 5.



For both DC and HiPIMS methods, there is a decreasing trend of Young’s modulus with the deposition time. This trend appears due to the measurement method, which is highly dependent on the tip-surface interaction. Consequently, the decrease of the Young’s modulus has different explanations depending on the power supply. For DC power supply, the columnar deposition which is gradually formed with the increase of the time deposition strongly influences the tip-sample interaction due to holes created between the columns. Therefore, the measured Young’s modulus decreases because of this columnar character of the films. On the other hand, in the case of the HiPIMS power supply the films are very thin and the interaction between tip and the sample surface is strongly influenced by the substrate.



Young’s modulus depends as well on the power supply type. The values for the DC power supply are always higher, for the same deposition time, than the values for the HiPIMS power supply.



For the stiffness, one can notice higher values in the case of films obtained by the HiPIMS power supply than those for films obtained by DC sputtering, for the same deposition time. There is also an increasing trend with the deposition time, which is an expected outcome.



For Dc power supply, the columnar deposition strongly influences the tip-sample interaction due to holes created between the columns. The AFM tip disrupts the deposited columns easier when they are longer (for higher deposition times) and as a consequence the measures Young’s modulus decreases with time deposition (Figure 12). For the HiPIMS power supply, the CrN deposition is very thin and takes the form of a uniform film. Therefore (Figure 13), in this case the Young’s modulus measurement is highly influenced by the substrate.




3.3.3. Surface Topography Analysis


The statistical parameters extracted from the surface topography images were roughness (Rq), fractal dimension (FD), entropy (S), and autocorrelation length (L). The values resulting from this analysis of all the samples are summarized in Table 6.



The surface roughness analysis (Table 6) shows that although both DC and HiPIMS generally result in sub-1 nm surface roughness, in the HiPIMS method the highest sur-face roughness recorded was 0.603 nm, which is 1.7 times less than the highest surface roughness recorded with the DC method. It is worth discussing here the increased rate of surface roughness depending on the power supply method. For both methods, it can be observed a non-linear increase of roughness with time deposition. For DC method the roughness tends to increase rapidly after 5 to 10 min of deposition time (29% increase) and slower after another 5 min (13% increase in the interval between 10 to 15 min deposition time). On the other hand, for the HiPIMS method, we observe a slow increase of the roughness between 5- and 10-min deposition time (13%) and a rapid increase of the roughness between 10- and 15-min deposition time (24%).



For the fractal dimension, there is an increasing trend with deposition time regardless of the power supply type used. While the increase of the fractal dimension is non-linear with time deposition, the fractal dimension increases slowly between 5 to 10 min and much faster between 10 to 15 min of deposition time, for both methods. Regarding the entropy values (Table 6) there is no easily discernable dependency in either deposition time or power supply used. This means that the uniformity of the height distribution remains nearly constant regardless of the power supply or time deposition. For the autocorrelation length, there is a decreasing trend with the increase of deposition time, which means that the uniformity of surface texture is highly dependent on the time deposition.



After GLCM analysis the interest parameters (energy and correlation) were extracted and summarized in Table 7. Both energy and correlation were extracted at three different pixel distances (1, 10, and 100).



In the data summarized in Table 7, we can notice a decreasing trend, both with the pixel distance and with deposition time. This means that as deposition time and pixel distance increase the texture of the deposited layer becomes less uniform, regardless of power supply type used.



The same is not true for the correlation values of the AFM topography GLCM matrix, where we see an increasing trend with deposition time but a decreasing trend with pixel distance.





3.4. Water Contact Angle


The surface wettability of the samples was tested by performing water contact angle measurements, as described in the Methods section. The purpose was to evaluate the protective capability of the deposited CrN layers, which means that the surface must exhibit hydrophobic properties (contact angles > 90°). Such a surface will prevent water infiltrations and will have self-cleaning behavior as well. Figure 14 shows the results obtained on the samples deposited by use of thenDC power method for each deposition time. It can be observed that for the 5- and 10-min deposition the surface is hydrophobic (contact angles of 99.5° and 98.2°, respectively), while for the 15 min deposition the surface is almost hydrophobic (contact angle of 88.9°). Interestingly, the contact angle decreases with the increase of the CrN layer thickness.



For the HiPIMS power supply, similar results were obtained. For 5- and 10-min deposition the contact angle is 98.5° and 95.2° respectively. For the case of 15 min deposition time the contact angle is 89.5°, which is a limit case, close to the hydrophobicity condition. The results are displayed in Figure 15. Similar to the DC power supply case, the contact angle decreases with the increase of the deposited layer thickness. This means that the interface between Si substrate and the CrN layer plays a key role in the resulted wettability property of the surface.





4. Conclusions


We investigated the thin CrN films deposited on silicon by using two different methods and for three durations of time deposition, and we found important qualitative and quantitative changes in the properties of the deposited layer. Columnar and fine structures were noticed in the cross-sections depending on the type of power supply used. The surface of the deposited films changed and became smooth and homogeneous for the HiPIMS power supply, but rough and with noticeable growth patterns for the DC power supply.



We observed both qualitative and quantitative changes in the fractal dimension, roughness values, autocorrelation length, Young’s modulus, and stiffness value. All these measures are dependent on both the deposition time and the type of power supply used.
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Figure 1. The general schematic diagram explaining the deposition chamber. 






Figure 1. The general schematic diagram explaining the deposition chamber.
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Figure 2. EDAX elemental mapping showing the distribution of chemical elements using the DC power supply for the deposition times of (a) 5 min, (b) 10 min, and (c) 15 min. 
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Figure 3. EDAX elemental mapping showing the distribution of chemical elements using the HiPIMS power supply for the deposition times of (a) 5 min, (b) 10 min, and (c) 15 min. 
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Figure 4. EDAX spectrum (number of counts vs. energy levels) when using the DC power supply for the deposition times of (a) 5 min, (b) 10 min, and (c) 15 min. 
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Figure 5. EDAX spectrum (number of counts vs. energy levels) when using the HiPIMS power supply for the deposition times of (a) 5 min, (b) 10 min, and (c) 15 min. 
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Figure 6. Surface morphology of the deposited layer when using the DC power supply and for the deposition times of (a) 5 min, (b) 10 min, and (c) 15 min. 
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Figure 7. Surface morphology of the deposited layer when using the HiPIMS power supply and for the deposition times of (a) 5 min, (b) 10 min, and (c) 15 min. 
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Figure 8. Cross-sectional view of the deposited layer when using the DC power supply and for the deposition times of (a) 5 min, (b) 10 min, and (c) 15 min. 
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Figure 9. Cross-sectional view of the deposited layer when using the HiPIMS power supply and for the deposition times of (a) 5 min, (b) 10 min, and (c) 15 min. 
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Figure 10. Surface topography of the deposited layer when using a DC power supply for the deposition times of (a) 5 min, (b) 10 min and (c) 15 min. 
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Figure 11. Surface topography of the deposited layer when using the HiPIMS power supply for the deposition times of (a) 5 min, (b) 10 min and (c) 15 min. 
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Figure 12. Mechanical explanations of the tip sample interaction when using DC power supply for the deposition times of (a) 5 min, (b) 10 min and (c) 15 min. 
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Figure 13. Mechanical explanations of the tip sample interaction when using HiPIMS power supply for the deposition times of (a) 5 min, (b) 10 min and (c) 15 min. 
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Figure 14. Water contact angle test for the deposited layer when using DC power supply for the deposition times of (a) 5 min, (b) 10 min and (c) 15 min. 






Figure 14. Water contact angle test for the deposited layer when using DC power supply for the deposition times of (a) 5 min, (b) 10 min and (c) 15 min.



[image: Coatings 13 00219 g014]







[image: Coatings 13 00219 g015 550] 





Figure 15. Water contact angle test for the deposited layer when using HiPIMS power supply for the deposition times of (a) 5 min, (b) 10 min and (c) 15 min. 
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Table 1. Sample designations by power supply type and deposition times.
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	Designation
	Power Supply Type
	Deposition Time (min)





	CrNDC5
	DC
	5



	CrNDC10
	DC
	10



	CrNDC15
	DC
	15



	CrNHi5
	HiPIMS
	5



	CrNHi10
	HiPIMS
	10



	CrNHi15
	HiPIMS
	15
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Table 2. Fractal dimension (FD) measurements of surface morphology for each sample.
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	Sample
	FD





	CrNDC5
	2.832



	CrNDC10
	2.756



	CrNDC15
	2.727



	CrNHi5
	2.696



	CrNHi10
	2.750



	CrNHi15
	2.779
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Table 3. Energy and correlation of the surface morphology GLCM matrix for different pixel distances.
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	Sample
	Energy

1 Pixel
	Energy

10 Pixels
	Energy

100 Pixels
	Correlation

1 Pixel
	Correlation

10 Pixels
	Correlation

100 Pixels





	CrNDC5
	0.074
	0.074
	0.074
	0.033
	0.007
	0.001



	CrNDC10
	0.164
	0.163
	0.163
	0.043
	0.026
	0.004



	CrNDC15
	0.180
	0.180
	0.180
	0.085
	0.050
	0.006



	CrNHi5
	0.235
	0.235
	0.235
	0.064
	0.018
	0.010



	CrNHi10
	0.156
	0.156
	0.156
	0.072
	0.004
	0.004



	CrNHi15
	0.125
	0.125
	0.125
	0.067
	0.009
	0.003
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Table 4. Thickness of the deposited CrN layer.
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	Sample Name
	Film Thickness [nm]





	CrNDC5
	213 ± 4



	CrNDC10
	282 ± 4



	CrNDC15
	432 ± 5



	CrNHi5
	44 ± 1



	CrNHi10
	51 ± 2



	CrNHi15
	144 ± 2
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Table 5. Young’s Modulus and material stiffness.
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	Sample
	Young’s Modulus [GPa]

from Force–Distance Curves
	Stiffness [N/m]

from Nanoindentation





	CrNDC5
	370 ± 50
	113 ± 2



	CrNDC10
	280 ± 50
	110 ± 2



	CrNDC15
	240 ± 30
	119 ± 1



	CrNHi5
	250 ± 60
	125 ± 2



	CrNHi10
	160 ± 40
	125 ± 1



	CrNHi15
	140 ± 20
	132 ± 2
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Table 6. Roughness (Sq), fractal dimension (FD), entropy (S) and autocorrelation length (L) of surface topography for each sample.
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	Sample Name
	Sq [nm]
	FD
	S
	L [nm]





	CrNDC5
	0.733
	2.309
	−19.03
	341.9



	CrNDC10
	1.705
	2.393
	−19.33
	334.1



	CrNDC15
	2.403
	2.533
	−18.15
	318.8



	CrNHi5
	2.732
	2.294
	−19.09
	321.2



	CrNHi10
	3.714
	2.331
	−19.79
	291.9



	CrNHi15
	3.399
	2.443
	−19.74
	191.9
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Table 7. Energy feature of the AFM topography GLCM matrix for different pixel distances.






Table 7. Energy feature of the AFM topography GLCM matrix for different pixel distances.





	Sample

Name
	Energy

1 Pixel
	Energy

10 Pixels
	Energy

100 Pixels
	Correlation

1 Pixel
	Correlation

10 Pixels
	Correlation

100 Pixels





	CrNDC5
	0.539
	0.487
	0.459
	0.544
	0.384
	0.164



	CrNDC10
	0.440
	0.371
	0.354
	0. 579
	0.418
	0.036



	CrNDC15
	0.382
	0.356
	0.357
	0. 772
	0.201
	0.031



	CrNHi5
	0.578
	0.496
	0.455
	0.691
	0.460
	0.042



	CrNHi10
	0.555
	0.483
	0.442
	0.673
	0.497
	0.171



	CrNHi15
	0.317
	0.276
	0.253
	0.726
	0.605
	0.235
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