
 

 

  
Abstract—The objective of this study is a stereometric 

investigation of 3-D surface topography of the nickel–carbon (Ni–C) 
nanocomposite thin films composed of Ni nanoparticles with 
different average sizes embedded in amorphous hydrogenated carbon, 
prepared by RF-PECVD. The deposition time was varied at 7, 10 and 
13 min, respectively, to study changes in the properties of the 
obtained films. The studied samples were taken with the help of 
atomic force microscopy (AFM) operating in a non-contact mode and 
examined in order to determine their stereometric surface engineering 
characteristics. This analysis of 3-D surface texture will give a deeper 
insight into their texture characteristics and their implementation in 
graphical models and computer simulation. 
 

Keywords— Nickel–Carbon (Ni–C) nanocomposite thin films, 
stereometric analysis, three-dimensional surface micromorphology.  

I. INTRODUCTION 
ODAY, due to the broad applications that materials and 
components have found in the field of nanotechnology, 

many studies have led on topics such as optimizing the 
properties of nanostructures, accurate understanding of the 
growth mechanism of thin films, as well as finding their new 
applications indicating their extent application in various 
industrial and medical fields [1]-[7]. Hence, it is very 
important to use a method to produce the exact favorable 
nanostructure through a no-bake step [8]-[11].  

The properties of thin films mainly depend on chemical 
composition, crystal structure and their morphology, so 
multilayer structures of magnetic and non-magnetic metals in 
the nanometer scale have been attracted attention due to their 
desirable mechanical and magnetic properties [12]-[22].  

Thus, owing to unique properties close to natural diamond, 
using the Diamond-like carbon (DLC) nanolayer has found 
 

 Ştefan Ţălu is with The Technical University of Cluj-Napoca, The 
Directorate of Research, Development and Innovation Management 
(DMCDI), Constantin Daicoviciu Street, no. 15, Cluj-Napoca, 400020, Cluj 
county, Romania, http://research.utcluj.ro (corresponding author, phone:   
+0040-264–401200; fax: +0040-264–592055; e-mail: stefan_ta@yahoo.com).  

Katarzyna Janus is with University of Silesia, Faculty of Computer 
Science and Materials Science, Institute of Informatics, Department of 
Biomedical Computer Systems, Będzińska 39, 41-205 Sosnowiec, Poland. (e-
mail: kjanus@us.edu.pl). 

Sebastian Stach is with University of Silesia, Faculty of Computer Science 
and Materials Science, Institute of Informatics, Department of Biomedical 
Computer Systems, Będzińska 39, 41-205 Sosnowiec, Poland. (e-mail: 
sebastian.stach@us.edu.pl). 

many applications; high mechanical stiffness, optical 
transparency, corrosion resistance and using this layer as a 
protective coating is widely used in the medical and 
automotive industries [23]-[33].  

One of the important characteristics of DLC is the high 
electrical resistance these layers. In some electrical 
applications, layers with higher electrical conductivity are 
required. To overcome the limitations of these layers including 
decrease the inner tensions and increase adhesion of films to 
the substrate, the carbon-metal layers have been produced so 
that have better properties than DLC. 

Therefore, using nickel as carbon composite can have a 
variety of applications in the fields of optical coatings, 
catalyst, and water splitting electrode [34]-[38] because this 
metal has the fcc structure with low lattice mismatch and also 
due to a variety of alloys and applications can have interesting 
physical properties along with carbon [39]-[40]. 

In this study, to determine the thin films surface 
morphology, the field parameters of nanoparticles of nickel-
carbon layers prepared by RF-PECVD are studied using 
atomic force microscopy (AFM). 

II. MATERIALS AND METHODS  

A. Samples  Preparation 
Ni–C composite thin films were prepared by the 

methodology described elsewhere [2]. Nickel thin films in 
carbon bed are produced using RF-PECVD instrument that is a 
combination of two methods of the sputtering and the chemical 
vapor deposition. In this sputtering method, ions and gas react 
with the target and the produced layers are composed of the 
sputtered target material and the reactive gas. 

In this device, two rotary and diffusion pumps are used to 
vacuum the steel chamber. The chamber consists of two 
electrodes with a radius of 7.5 cm (target electrode) and a 
radius of 13 cm (substrate) so that the smaller electrode is 
connected to the RF source and the other one is connected to 
the ground via the chamber. The source frequency is 13.56 
MHz that is applied to the electrodes as capacitor, and the 
distance between the electrodes is 5 cm. 

The used substrates, glass and silicon, are 1×1 dimension so 
that they are washed with water and soap too clean up the 
pollution and then they are placed in acetone for 5 minutes in 
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the ultrasonic device to remove the oil. Cleaning the substrate 
helps the adhesion of film to the substrate and also the quality 
and speed of vacuum. The glass and silicon substrates are 
placed circularly on the substrate on the electrode attached to 
the ground within target range. The purpose of this idea is the 
same distance from the target center and consequently is the 
same deposition condition. The chamber is vacuumed before 
the deposition using rotary and diffusion pumps to the pressure 
of 10-5 mbar, and when the chamber pressure is reached the 
considered pressure with entering acetylene gas, the RF power 
is applied. Afterward, the nickel layers are fabricated at room 
temperature according to Table I. 

 
Table I. Conditions used for preparing samples. 

ID Tar-
get 

Sputtering parameters Deposi-
tion 
time 
[min] 

Basic 
preassure  

[mbar] 

Working 
preassure 

[mbar] 

Power 
[W] 

#1 Ni 10-5 0.025 250 7 
#2 Ni 10-5 0.025 250 10 
#3 Ni 10-5 0.025 250 13 
 

B. Measuring data acquisition 
The samples 1, 2 and 3 presented above with detailed 

determined parameters of sputtering obtained by means of 
atomic force microscope (AFM), were submitted for analysis 
by MountainsMap ® Premium program version 6.2.7200 
developed by Digital Surf [41]. All images were obtained over 
square areas of 1 μm x 1 μm. 

 
a) Sample 1 

 
Fig. 1. 3-D surface image of sample 1 after the analysis with 

AFM 
 
MountainsMap software allows creating a height histogram 

(Fig. 2). It is the height distribution determined by the number 
of the surface elements corresponding to a certain peak height. 
The picture below shows also areal material ratio curve, which 
begins at the highest surface spot (marked as 0%) and has it’s 
end in the lowest surface spot (marked as 100%). 

 
Fig. 2. Height distribution histogram and areal material ratio 

curve for sample 1 
 
Using areal material ratio curve (marked with red color) a 

set of parameters was represented: Sk, Svk, Spk as well as 
Smr1 and Smr2 (Fig. 3). Sk parameter describes the depth of 
the core. It is calculated using a linearized line intersecting X 
axis on 0% and 100%. Using this method, two lines parallel to 
X axis are constructed. That provides the value of parameter 
Sk = 2.32 nm. 

Values of parameters Smr1 and Smr2 are calculated using 
lines parallel to Y axis that are intersecting with lines parallel 
to X axis, that were used in calculation of parameter Sk. Smr1 
parameter is a value of areal material ratio of peaks with value 
of 11.9%, while Smr2 stands for value of areal material ratio 
of dales and reaches the value of 91.1%. 

Svk and Spk parameters are determined by the height of the 
perpendicular triangles depicted on the diagram (orange color) 
and they stand for reduced dale height (Svk = 0.974 nm) and 
reduced peak height (Spk = 1.37 nm). 

 

 
Fig. 3. Areal material ratio curve with parameters: Sk, Spk, 

Svk, Smr1 and Smr2 for the sample 1. 
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Indicators Vmp, Vmc, Vvci, Vvv (Fig. 4) belong to the 
volume functional parameters group and are calculated 
analogically to the previous attributes – using information 
included on the areal material ratio curve. The calculation is 
executed based on calculated level of parameters mr1 (10%) 
and mr2 (80%). 

Peak material volume (Vmp) equals to 0.00000709 ml/m2, 
which characterizes the volume of analyzed compound for the 
area filled with material at mr1 (10%) level. The difference 
between height of this two indicators mr2 (80%) and mr1 
(10%) designates core material volume (Vmc = 0.000807 
ml/m2). Dale void volume (Vvv) equals to 0.000102 ml/m2 and 
is related to the area filled with material at mr2(80%) level, as 
well as to the surface deprived of material at mr1 level. The 
last indicator, core void volume (Vvc = 0.00119 ml/m2), is 
inversed Vmc parameter, because it is calculated through the 
difference between mr1 and mr2. 

 

 
Fig. 4. Areal material ratio curve with parameters: Vmp, Vmc, 

Vvc and Vvv for the sample 1. 
In reference with generated images of the sample, all of the 

functional parameters related to the surface of the analyzed 
nickel-coal compound were calculated in accordance with ISO 
25178 (Table 2) and EUR 15178N norm [42]. 

 
b) Sample 2 
 

 
Fig. 5. 3-D surface image of sample 2 after the analysis with 

AFM 
 
For the sample 2 the same operations were carried out in 

order to receive functional parameter characteristics placed 
below, e.g. height histogram with areal material ratio curve 
(Fig. 6). 

 

 
Fig. 6. Height distribution histogram and areal material ratio 

curve for sample 2 
 
Areal material ratio curve and parameters Sk, Spk, Svk, 

Smr1 and Smr2 (Fig. 7) for sample 2 were calculated the same 
way, their values are respectively: Sk = 3.63 nm, Spk = 1.47 
nm, Svk = 1.43 nm, Smr1 = 10.3 %, Smr2 = 90.7%. 
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Fig. 7. Areal material ratio curve with parameters: Sk, Spk, 

Svk, Smr1 and Smr2 for the sample 2. 
 

Volume attributes take values as stated: Vmp = 0.0000748 
ml/m2, Vmc = 0.00 ml/m2, Vvc = 0.00174 ml/m2 andVvv = 
0.000158 ml/m2 (Fig. 8). 

 

 
Fig. 8. Areal material ratio curve with parameters: Vmp, Vmc, 

Vvc and Vvv for the sample 2. 
 
c) Sample 3 
 

 
Fig. 9. 3-D surface image of sample 3 after the analysis with 

AFM 
Analyzed nickel-coal compound of sample 3 was examined 

in the same way as previous samples (Fig. 10).  
 

 
Fig. 10. Height distribution histogram and areal material 

ratio curve for sample 3 
 
Parameters Sk, Spk, Svk, Smr1, Smr2 have next values: Sk = 

9.00 nm, Spk = 5.39 nm, Svk = 2.19 nm, Smr1 = 13.4 %, Smr2 
= 93.4 % (Fig. 11). 
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Fig. 11. Areal material ratio curve with parameters: Sk, Spk, 
Svk, Smr1 and Smr2 for the sample 3. 

 
The volume factors Vmp, Vmc, Vvc, Vvv which have values 

of: Vmp = 0.000264 ml/m2, Vmc = 0,00317 ml/m2, Vvc = 
0,00496 ml/m2, Vvv = 0,00296 ml/m2 (Fig. 12). 
 

 
 

Fig. 12. Areal material ratio curve with parameters: Vmp, 
Vmc, Vvc and Vvv for the sample 3. 

 
Table II. The values of 3-D functional parameters for samples 
1, 2 and 3 in accordance with ISO 25178 norm. 
 

ISO 25178 
Parameter Sample 1 Sample 2 Sample 3 
Smr [%] 100 100 100 
Smc [nm] 1.22  1.83 4.99 
Sxp [nm] 1.75 2.76 5.57 
Vm  [µm3/µm2] 0.0000709 0.0000748 0.000264 
Vv  [µm3/µm2] 0.00129 0.0019 0.00525 

Vmp  [µm3/µm2] 0.0000709 0.0000748 0.000264 

Vmc  [µm3/µm2] 0.000807 0.00125 0.00317 

Vvc  [µm3/µm2] 0.00119 0.00174 0.00496 

Vvv  [µm3/µm2] 0.000102 0.000158 0.000296 

III. ANALYSIS OF RESULTS 
In addition, during the examination of nickel-coal 

compound, three diagrams were drawn for each sample. First 
diagram is a height histogram illustrated by the amount of 
elements appearing on the surface related to a certain peak 
height along with areal material curve, which is superimposed 
on the histogram. Second diagram represents areal material 
curve with parameter values of: Sk, Svk, Spk, Smr1 and Smr2, 
which are marked on the diagram the way they were calculated 
from the diagram. Third diagram is a visualization and 
calculation of volume parameters: Vmp, Vmc, Vvc and 
Vvvusing areal material curve. 

Parameters belonging to the group of functional parameters 
have various values. Areal material ratio Smr, possessing a 
certain height in spot c is the same for all the samples and 
equals to 100%. The value of inverse areal material ratio Smc 
is the lowest for sample number 1 and equals to 1.22 nm, when 
the highest value was recorder for sample number 3 with value 
of 4.99 nm. That presents the height of cross section of spot c. 
Peak extreme height has the highest value for sample number 3 
(5.57 nm), and the lowest for sample number 1 (1.75 nm).   

By analyzing areal material ratio curve, which encloses 
spots: Sk, Svk, Spk, Smr1 and Smr2 it was observed, that core 
roughness height Sk calculated as a difference between two 
extreme levels (maximal and minimal)of surface core, reaches 
the highest value for sample number 3 (9.00 nm) and the 
lowest for sample number 1 (2.32 nm). Parameters Svk and 
Spk stand for reduced dale height and reduced peak height and 
for both of these, the highest value were recorded for sample 
number 3 (Svk = 2.19 nm; Spk = 5.39 nm) and the lowest for 
sample number 1 (Svk = 0.974 nm; Spk = 1.37 nm). Factors 
Smr1 and Smr2 in contrast to the other parameters reach the 
highest values for sample number 3 (Smr1 = 13.4%; Smr2 = 
93.4%) but the lowest for sample number 2 (Smr1 = 10,3%; 
Smr2 = 90,7%).  

Group of volume functional parameters include factor Vv, 
that stands for void volume and it reaches the highest value for 
sample number 3 (0.00525 µm3/µm2) and the lowest value for 
sample number 1 (0.00129 µm3/µm2).  

The smallest material volume was recorded for sample 
number 1 (0.0000709 µm3/µm2), the highest for sample 
number 3 (0.000264 µm3/µm2) and it is indicated by Vm 
factor. Peak material volume Vmp has the highest value for 
sample number 3 (0.000264 µm3/µm2), minimal for sample 
number 1 (0.0000709 µm3/µm2).  

Parameter Vmc describing core material volume assumes the 
lowest value for sample number 1 (0.000807 µm3/µm2), and 
the highest for sample number 3 (0.00317 µm3/µm2). The 
difference in void volume between material indicators mr1 and 
mr2, which is Vvc parameter that reaches minimum for sample 
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number 1 (0.00119 µm3/µm2), and maximum for sample 
number 3 (0.00496 µm3/µm2). The last of volume parameters – 
Vvv standing for dale void volume of cavity in surface of the 
area deprived of material, has the lowest value recorded for 
sample number 1 (0.000102 µm3/µm2) and the highest for 
sample number 3 (0.000296 µm3/µm2). 

IV. CONCLUSION 
The quantitative parameters that characterize the surface 

micromorphology of the nickel–carbon  nanocomposite thin 
films composed of Ni nanoparticles with different average 
sizes embedded in amorphous hydrogenated carbon, prepared 
by RF-PECVD were calculated and used to demonstrate the 
difference between the three samples of different 
sedimentation time (7, 10, and 13 minutes). It could be 
concluded that the results with texture characteristics could be 
used in graphical models for automatic texturing simulation. 

APPENDIX 
The statistical parameters of 3D surface roughness, 

according with ISO 25178-2: 2012 are defined as follows [42-
47]:  

a) Height parameters are a class of surface finish parameters 
that quantify the Z-axis perpendicular to the surface. 
(Sq) – Root mean square height is the standard deviation of the 
height distribution, or RMS surface roughness. 
(Ssk) – Skewness is the third statistical moment, qualifying the 
symmetry of the height distribution. Negative skew indicates a 
predominance of valleys, while positive skew is seen on 
surfaces with peaks. 
(Sku) – Kurtosis is the fourth statistical moment, qualifying the 
flatness of the height distribution. For spiky surfaces, Sku > 3; 
for bumpy surfaces, Sku < 3; perfectly random surfaces have 
kurtosis of 3. 
(Sp) - Maximum peak height is the height between the highest 
peak and the mean plane. 
(Sv) - Maximum pit height is the depth between the mean 
plane and the deepest valley. 
(Sz) - Maximum height is the height between the highest peak 
and the deepest valley. 
(Sa) - Arithmetical mean height is the mean surface roughness. 

b) Functional parameters are calculated from the Abbott-
Firestone curve obtained by the integration of height 
distribution on the whole surface. 
(Smr) - Areal material ratio is the bearing area ratio at a given 
height. Ratio of the area of the material at a specified height c 
(cut level) to the evaluation area. The Smr(c) is expressed as a 
percentage. For the Smr parameter, the height c is counted by 
default from the mean plane. In our study, c = 1 μm under the 
highest peak. 
(Smc) - Inverse areal material ratio is the height c at which a 
given areal material ratio p is satisfied. The height is calculated 
from the mean plane. In our study, p = 10%. 
(Sxp) - Extreme peak height is the difference in height 
between q% and p% material ratio. This parameter must be 
configured with two thresholds entered in %. In our study, p = 
50%, q = 97.5%. 

c) Spatial parameters describe topographic characteristics 

based upon spectral analysis. They quantify the lateral 
information present on the X- and Y-axes of the surface. 
(Sal) - Auto-correlation length is the horizontal distance of the 
autocorrelation function (tx, ty) which has the fastest decay to 
a specified value s, with 0 < s < 1. The default value for s in 
the software is 0.2. This parameter expresses the content in 
wavelength of the surface. A high value indicates that the 
surface has mainly high wavelengths (low frequencies). In our 
study, s = 0.2. 
(Str) - Texture-aspect ratio is the ratio of the shortest decrease 
length at 0.2 from the autocorrelation, on the greatest length. 
This parameter has a result between 0 and 1. If the value is 
near 1, we can say that the surface is isotropic, i.e. has the 
same characteristics in all directions. If the value is near 0, the 
surface is anisotropic, i.e. has an oriented and/or periodical 
structure. In our study, s = 0.2. 
(Std) - Texture direction calculates the main angle for the 
texture of the surface, given by the maximum of the polar 
spectrum. This parameter has a meaning if Str is lower than 
0.5. In our study, Reference Angle = 0°. 

d) Hybrid parameters are a class of surface finish 
parameters that quantify the information present on the X-, Y- 
and Z-axes of the surface, i.e. those criteria that depend both 
on the amplitude and the spacing, such as slopes, curvatures 
etc. 
(Sdq) - Root mean square gradient is the root-mean-square 
slope of the surface. 
(Sdr) - Developed interfacial area ratio is the ratio of the 
increment of the interfacial area of the scale limited surface 
within the definition area over the definition area. The 
developed surface indicates the complexity of the surface 
thanks to the comparison of the curvilinear surface and the 
support surface. A completely flat surface will have a Sdr near 
0%. A complex surface will have a Sdr of some percents. 

e) Functional volume parameters are typically used in 
tribological studies. They are calculated using the Abbott-
Firestone curve (areal material ratio curve) calculated on the 
surface. 
Vm(p) - Material volume is the volume of the material at a 
material ratio p (in %). In our study, p = 10%. 
Vv(p) - Void volume is the volume of the voids at a material 
ratio p (in %). In our study, p = 10%. 
Vmp - Peak material volume of the scale limited surface is the 
volume of material in the peaks, between 0% material ratio 
and a material ratio p (in %), calculated in the zone above c1. 
Vmp = Vm(p). In our study, p = 10%. 
Vmc - Core material volume of the scale limited surface is the 
volume of material in the core or kernel, between two material 
ratios p and q (in %), calculated in the zone between c1 and 
c2. Vmc = Vm(q) - Vm(p). In our study, p = 10%, q = 80%. 
Vvc - Core void volume of the scale limited surface is the 
volume of void in the core or kernel, between two material 
ratios p and q (in %), calculated in the zone between c1 and 
c2. Vvc = Vv(p) - Vv(q). In our study, p = 10%, q = 80%. 
Vvv - Pit void volume of the scale limited surface is the 
volume of void in the valleys, between a material ratio p (in 
%) and 100% material ratio, calculated in the zone below c2. 
Vvv = Vv(p). In our study, p = 80%. 
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