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In this study, a stereometric analysis of the three-dimensional (3-D) surfaces of the Ag/diamond-like carbon
(DLC) nanocomposite films was done. The nanocomposite thin films were fabricated by Radio Frequency
Plasma-Enhanced Chemical Vapour Deposition (RF-PECVD). The 3-D surface microtexture was studied by high-
resolution Atomic Force Microscopy (AFM) records combined with statistical analyses. More detailed informa-
tion about surface statistical parameters and topographic features of analyzed samples were performed. The

statistical parameters relating to the segmented motifs consistent with ISO 25178-2: 2012 have been generated
using MountainsMap® Premium software. The analysis was performed by modeling Ag/DLC nanocomposite
surface microtexture based on motif analysis (detection of essential characteristics in terms of surface dimen-
sions, volume, curvature, shape) to be included in computer interactive simulation algorithms.

Introduction

Recent advances in micro/nano manufacturing of Ag/DLC nano-
composite films have been considered in various theoretical and ex-
perimental approaches in nanotechnology.

Marciano et al. [1] studied the antibacterial activity of DLC, Ag-DLC
and silver colloidal solution by bacterial eradication tests with Es-
cherichia coli (E. coli) at various incubation times. They demonstrated
that the total compressive stress decreased extensively with the increase
of silver nanoparticle layers in Ag-DLC.

Wu et al. [2] prepared Ag/DLC thin films by medium frequency
unbalanced magnetron sputtering method. They found that the Ag
concentration increased with the increasing Ar/CH, ratios, accom-
panied by the increasing number and size of Ag crystalline.

Hybrid RF/MS PACVD (radio frequency/magnetron sputtering
plasma assisted chemical vapour deposition) technique was applied by
Bociaga et al. [3] to evaluate antimicrobial efficacy and biocompat-
ibility of gradient a-C:H/Ti + Ag coatings concerning the surface phy-
sicochemical properties and chemical composition of the coating.

Baba et al. [4] prepared Ag/DLC thin films on austenitic type stainless
steel SUS316L and silicon wafer substrates by a process combining

* Corresponding author.

reactive magnetron sputtering with plasma source ion implantation (PSII)
to study its antibacterial activity using Staphylococcus aureus bacteria.

Constantinou et al. [5] used pulsed laser deposition (PLD) with an
excimer laser technique to obtain different DLC:Ag films. They studied
the morphological, topographical, crystallographic, compositional and
mechanical/tribological characteristics of these films.

The electrical percolation threshold in Ag/DLC nanocomposite films
was studied by Abdolghaderi et al. [6]. They used the RF-sputtering
method to deposit Ag nanoparticle in the DLC matrix on glass and si-
licon substrates.

Detailed information about 3-D surface microtexture at the micro/
nanoscale has important implications in the rational design and opti-
mization in engineering applications and provides new opportunities
for the investigation of precise topographical, spatial and chemical
properties [7-11].

The numerical analysis according to stereometric parameters of the
3-D surface microtexture can be realized with a minimal set of criteria
and surface parameters [12-16].

Atomic Force Microscopy (AFM) enables the characterization of the
nanoscale surface in different environments and creates 3-D topo-
graphic images to find out surface spatial complexity [17-20]. The
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Fig. 1. Relevant 3-D AFM micrographs of samples: a) #1, b) #2, and c¢) #3.

integration of AFM records with image processing techniques makes it
possible to obtain information about a 3-D pattern of complex surfaces
[21-25].

The aim of this study is to synthesise the Ag/DLC nanocomposite
with different deposition time by RF-PECVD and to indicate the 3-D
surface morphology using AFM and statistical parameters, in ac-
cordance with ISO 25178-2: 2012 [26].

Methods
Materials and synthesis

In this study the Ag/DLC thin films were fabricated by sputtering
and RF-PECVD technique at the room temperature. Glass and silicon
substrates (1 cm X 1 c¢m) located on the holder as the lower electrode in
a steel chamber and a pure silver target (5 cm diameter) connected to
RF power as the upper electrode. The distance between electrodes was
4 cm. Laboratories acetylene gas (precursor) as operating gas was en-
tered into the reaction chamber for ionization and formation of plasma
to the dispersion of nanoparticles from the target silver to start de-
position of hydrogenated carbon with Ag nanoparticle on the substrate
with a constant rate. The initial pressure of the chamber was 4 Pa.

Plasma is created by applying the radio frequency power between
the electrodes where is filled by the precursor gas (acetylene). Electrons
are started decomposing precursor gas molecules and exerting a large
number of free radicals in the environment, also making ion targeting of

silver possible. The RF power and bias voltages were 60 W and 80V,
respectively.

Deposition time and pressure in the chamber varied that chamber
pressure was out of control during the deposition process. Three sam-
ples with 10 min, 25 min, and 40 min deposition time were used in this
study and named as sample number #1, #2 and #3, respectively.

Results
AFM measurements

The AFM images of samples were obtained by atomic force micro-
scopy (SPM system Solver P47H-PRO, Russia) in contact mode. The
VIT P_C-A/15 tip was used with the following grating description: ty-
pical resonant frequency 16 kHz, typical force constant 0.3 N/m and Al
reflective coating. The scanning process was done with 10 mm per min
and Image Processing and Data Analysis v2.1.15 software was used for
data analyses.

Characterization of 3-D surface morphology was performed by ste-
reometric analyses of AFM images. The relevant AFM images of thin
films are shown in Fig. 1.

The motif analysis and watershed segmentation of the thin film 3-D surface
microtexture

MountainsMap® Premium software version 6.2.7200 [27] was used
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Fig. 2. The surface segmentation for the sample surface #1: a) peaks, b) pits, and c) shapes.

for the stereometric analysis of AFM images. The watershed segmen-
tation method was applied to AFM images to determine surface features
as pits or peaks, hill or dales and passages or watercourse lines by motif
analyses (Figs. 2-4). The following segmentation options were applied
in stereometric analysis: preprocessing with filter size 3 x 3; threshold:
minimum height of motifs 5% of Sz; minimum area of motifs 0.010% of
the surface area.

The obtained statistical surface parameters are specified in Tables
1-3.

The power spectrum density (PSD) analysis of the thin film 3-D surface
microtexture

Power spectral density shows the strength of the signal in the fre-
quency domain. The 1D PSD (Power Spectrum Density) average func-
tions calculate PSD spectra for each X line or Y column and the corre-
sponding average PSD spectrum graphs were computed using SPIP™
6.7.4 software [28].

In Fig. 5 are shown these computed functions for the average X-PSD
profile (a, b, c¢) and the average Y-PSD profile (d, e, f).

Discussion

Accurate characterization of 3-D surface morphology by AFM
images and statistical surface parameters with a description of the to-
pography determines the pattern of spatial distribution in analyzed Ag/
DLC nanocomposite thin films.

The following parameters reflect the surface roughness and het-
erogeneity. Small vertical deviations of the surface roughness from the
mean line reveal a smoother profile. It can be noted that all samples
have a smooth surface due to the valuable fabrication procedure with
characteristic fractal features.

Segmented peaks

The number of motifs composed of peaks is 251 for sample #1, 181
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Fig. 3. The surface segmentation for the sample surface # 2: a) peaks, b) pits, and c) shapes.

and 134 for samples #2 and #3, respectively. The mean height para-
meter is 3.70 nm for sample #1, 9.21 nm for sample #2 and the highest
value 9.24 nm for sample #3. The mean area of the motifs composed of
peaks is 996 nm?, 1381 nm? and 1870 nm? for sample #1, #2 and #3,
respectively. The third sample has the highest mean volume of material
in motifs (2709 nm®), whereas for sample #2 is 2221 nm?>, and the
lowest value was of sample #1 (546 nm®), nearly fifth of mean volume
of the third sample.

The parameter means the perimeter of peaks increases from a
minimum value of 131 nm (sample #1), to the medium value of 156 nm
(sample #2), while a maximum value of 185 nm is found for sample #3.

The mean of equivalent diameters of peaks is increased from 32 nm
to 44.4 nm in the same way.

The mean of minimum diameter angles decreases from —8.49°
(sample #1) to —20.9° (sample #2), whereas the lowest value of
—22.8° was found for sample #3. Also, the mean of maximum diameter

angles parameter has the lowest value of —23° for sample #1, the
highest value of —13.9° for sample #2, and an average value of —17.1°
for sample #3.

The highest mean form factor belongs to sample #1 (0.617) and the
smallest to sample #3 (0.593) that it means the motif was decreased
with time deposition increasing.

The mean aspect ratio parameter has the same value 2.20 for both
samples #1 and #2, and a bigger value of 2.26 for sample #3; all three
samples have an elongated shape.

The lowest value of the mean roundness of samples is 0.520 (sample
#3) and the highest value is 0.544 (sample #2). Additionally, the
lowest value of the mean compactness parameter belongs to sample #1
(0.727) and the highest value belongs to sample #2 (0.732); conse-
quently, the grains are elongated. The maximum value of the mean
orientation belongs to sample #2 (81°), the minimum value is 66.4° for
sample #3, and sample #1 has a medium value of 73.5°.
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Fig. 4. The surface segmentation for the sample surface #3: a) peaks, b) pits, and c) shapes.
Table 1 Table 2
Parameter values for different measurement data resulting from the surface Parameter values for different measurement data resulting from the surface
segmentation of sample # 1 (associated with Fig. 2). segmentation of sample # 2 (associated with Fig. 3).
Sample # 1 Parameter The peaks The pits The shapes Sample # 2 Parameter The peaks The pits The shapes
Number of motifs 251 188 1545 Number of motifs 181 124 1284
Mean height [nm] 3.70 3.23 13.3 Mean height [nm] 9.21 8.41 30.8
Mean area [nm?] 996 1330 162 Mean area [nm?] 1381 2020 195
Mean volume [nm®] 546 431 48.7 Mean volume [nm°] 2221 1574 125
Mean perimeter [pum] 0.131 0.158 0.0473 Mean perimeter [pm] 0.156 0.203 0.053
Mean of equivalent diameters [pum] 0.032 0.0373 0.0115 Mean of equivalent diameters [um] 0.0377 0.046 0.0129
Mean of mean diameters [um] 0.031 0.0363 0.0112 Mean of mean diameters [pum] 0.0364 0.0442 0.0124
Mean of minimum diameters [pm] 0.0213 0.0251 0.0068 Mean of minimum diameters [um] 0.0253 0.0296 0.0077
Mean of maximum diameters [pm] 0.0444 0.052 0.0172 Mean of maximum diameters [pm] 0.0526 0.0666 0.0191
Mean of minimum diameter angles [°] —8.49 -12.5 -33 Mean of minimum diameter angles [°] -20.9 -15 -35
Mean of maximum diameter angles [°] -23 -22.2 -27.6 Mean of maximum diameter angles [°] -13.9 -13 -21.5
Mean form factor 0.617 0.572 0.623 Mean form factor 0.612 0.531 0.613
Mean aspect ratio 2.20 2.18 2.84 Mean aspect ratio 2.20 2.41 2.85
Mean roundness 0.538 0.526 0.474 Mean roundness 0.544 0.500 0.476
Mean compactness 0.727 0.722 0.682 Mean compactness 0.732 0.701 0.683
Mean orientation [°] 73.5 77.9 79.5 Mean orientation [°] 81.0 80.4 82.1




S. Stach, et al.

Table 3
Parameter values for different measurement data resulting from the surface
segmentation of sample # 3 (associated with Fig. 4).

Sample # 3 Parameter The peaks The pits The shapes
Number of motifs 134 105 1114
Mean height [nm] 9.24 9.60 35.8
Mean area [nm?] 1870 2380 224
Mean volume [nm®] 2709 2227 127
Mean perimeter [pum] 0.185 0.216 0.0576
Mean of equivalent diameters [pm] 0.0444 0.0496 0.0138
Mean of mean diameters [um] 0.0427 0.0479 0.0134
Mean of minimum diameters [pum] 0.030 0.032 0.0083
Mean of maximum diameters [pm] 0.0633 0.0701 0.0208
Mean of minimum diameter angles [°] —22.8 -9.8 -36.9
Mean of maximum diameter angles [°] -17.1 —-15.4 -21.8
Mean form factor 0.593 0.553 0.604
Mean aspect ratio 2.26 2.33 2.90
Mean roundness 0.520 0.514 0.467
Mean compactness 0.716 0.712 0.676
Mean orientation [°] 66.4 81.9 84.8
Segmented pits

The obtained results of the segmentation of pits are analogous to
those of peaks. In this case, a descending order in the number of motifs
from sample #1 (1 8 8) to sample #3 (1 05) is observed too.

The mean height parameter of pits has the highest value of 9.6 nm
for sample #3 and the lowest value of 3.23 nm for sample #1. Also, the
mean area of pits has the highest value of 2380 nm? for the third sample
and 1330 nm? for the first sample, the same order as in peak segmen-
tation.

The mean volume and the mean perimeter of motifs parameters
have similar increments. So, the mean volume and the mean perimeter
of the first sample are 431 nm® and 158 nm respectively; the largest
values belong to the third one (2227 nm® and 0.216 nm), whereas the
average values belong to the second sample (1574 nm® and 203 nm).
Like previous order, the mean of equivalent diameter has the lowest
value for the first sample (37.3 nm), a medium value of 46 nm for the
second sample and the highest value for the third sample (49.6 nm).
The mean of mean diameter of pits is 36.3 nm, 44.2 nm and 47.9 nm for
samples #1, #2 and #3 respectively.

In the case of the mean of minimum diameter angle, the highest
value belongs to the second sample (—15°) and the lowest value be-
longs to the third one (—9.8°) and for the first sample is —12.5°.

The mean maximum diameter angle parameter has the highest
value for the first sample (—22.2°), whereas the lowest value is for the
second one (—13°).

The mean form factor parameter for sample #1 has the highest
value (0.572), the lowest value (0.531) for the second sample, whereas
the third sample has a middle value (0.553). Neither of them is close to
1 that means their shapes are elongated.

The mean of roundness and the mean of compactness have similar
increments; the highest values belong to sample #1 (0.526, 0.722), the
middle values belong to sample #3 (0.514, 0.712) and the lowest value
belongs to sample #2 (0.500, 0.701).

The mean orientation parameter’s values increase from sample #1
to sample #3, having the following values (77.9 — sample#1, 80.4 —
sample #2 and 81.9 — sample #3).

Segmented shapes

The number of motifs segmented based on the shape has the highest
value for sample #1 (1545), 1284 for sample #2 and the lowest value

Results in Physics 15 (2019) 102731

for sample #3 (1114).

The mean height of shape parameter value is the lowest for sample
#1 (13.3nm), increase for sample #2 (30.8 nm) and increasing trend
continue to the highest for sample #3 (35.8 nm).

The mean area of shape parameter has the lowest value for sample
#1 (162nm?), an average value for sample #2 (195 nm?) and the
highest value for sample #3 (224 nm?). Similarly, the mean volume
parameter has the highest value for sample #3 (127 nm®) and the
lowest value for sample #1 (48.7 nm3). A decreasing trend from sample
#3 to sample #1 is noted for the following parameters: the mean
perimeter (57.6 nm, 53 nm, 47.3 nm); the mean of equivalent diameters
(13.8nm, 12.9nm, 11.5nm); the mean of mean diameters (13.4 nm,
12.4nm, 11.2nm); the mean of minimum diameters (8.3 nm, 7.7 nm,
6.8 nm) and mean of maximum diameter (20.8 nm, 19.1 nm, 17.2 nm).

In other words, the highest values of the mentioned parameters
belong to the third sample and the smallest values belong to the first
sample, while the second samples have average values.

Sample #1 has the highest value of the mean of minimum diameter
angles (—33°), and sample #3 has the lowest value (—36.9°). The
highest value of the mean of maximum diameter angles (—27.6°) is
found in sample #1, while the lowest value is found in sample #3
(—21.8°). The first sample has the highest mean form factor (0.623)
and the lowest mean aspect ratio (2.84). In the case of the third sample,
the mean form factor and the mean aspect ratio are 0.604 and 2.90,
respectively. The mean orientation parameter increases from sample #1
(79.5°) to sample #3 (84.8°).

For all samples, the number of motifs composed of peaks is more
than pits. The density of the peaks of sample #1 is more than others
that means that there are many peaks dispersed with a small size and
there is no agglomeration observed. It can be noted that sample #1 has
the most number of segmented motifs and the lowest values for the
following parameters (the mean height, the mean area, and the mean
equivalent diameter) that reveal the most regular topography in com-
parison to other samples.

According to the mean roundness, the mean form factor, the mean
aspect ratio and the mean compactness parameters neither of the
samples have a form of a disk, therefore all of them are elongated.

Based on statistical results, combined with the average X and Y-PSD
profile curves, it can be concluded that the stereometric method is
precise and correct applied to analyzed samples.

Conclusions

The numerical stereometric analysis of the 3-D surfaces of the Ag/
DLC nanocomposite films fabricated by RF-PECVD method allows us to
extend the information about the surface topography related to the time
deposition. The applied method can describe the 3-D segmentation of
surface samples in motifs (composed of peaks, pits, and irregular
shapes) in correlation with ISO 25178-2: 2012. Furthermore, these
parameters become more relevant in the defect localization process in
various applications. The surface topography measurement and char-
acterization of the Ag/DLC nanocomposite thin films fabricated by
sputtering and RF-PECVD technique can lead to a higher understanding
of the manufacturing process in correlation with mechanical and phy-
sical properties from both experimentally and theoretically.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.



S. Stach, et al.

225
200
175
150
125
100
75
50
25

nm?]

PSD

0.04 0.08 0.12 0.16 0.2 0.24
Frequency [1/nm]

a)

1200

1000

800

600

PSD [nm?]

400

200

0.04 0.08 0.12 0.16 0.2 0.24
Frequency [1/nm]

b)

2000
1750
1500
1250
1000
750
500
250

PSD [nm?]

PSD [nm?]

0.04 0.08 0.12 0.16 0.2 0.24
Frequency [1/nm]

¢)

o
£
£
[m)
w
o

1000

PSD [nm?]

Results in Physics 15 (2019) 102731

250
225
200
175
150
125
100

75

50

25

0.04 0.08 0.12 0.16 0.2 0.24

Frequency [1/nm]

d)

800

600

400

200

0.04 0.08 0.12 0.16 0.2 0.24
Frequency [1/nm]

e)

2000
1750
1500
1250
1000
750
500
250

0.04 0.08 0.12 0.16 0.2 0.24
Frequency [1/nm]

f)

Fig. 5. I) The average X-PSD profile, left column, for: a) #1; b) #2; c¢) #3; and II) The average Y-PSD profile, right column, for: d) #1; e) #2; f) #3.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.rinp.2019.102731.
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