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 A B S T R A C T 

Three different types of diamond-like carbon (DLC) thin films, namely, 
DLC, nitrogen-doped DLC (N-DLC), and platinum/ruthenium/nitrogen-
co-doped DLC (PtRuN-DLC) nanocomposite, were deposited on p-type 
silicon (p-Si) substrates via DC magnetron sputtering deposition to 
comparatively study their structures, adhesion strengths, and 
corrosion resistance in a 1 M HCl solution. The N doping caused 
graphitization of the N-DLC thin film, as the PtRuN-DLC 
nanocomposite thin film had the highest graphitization among the 
films. The DLC thin film and PtRuN-DLC nanocomposite thin film had 
the lowest and highest adhesion strengths, respectively. The N-DLC 
thin film exhibited lower corrosion resistance in the HCl solution than 
the DLC one due to its degraded sp3-bonded cross-linking structure, 
while the PtRuN-DLC nanocomposite thin film had the highest 
corrosion resistance in the same solution due to the combined effects 
of its increased electrical resistivity and the co-doping of 
electrochemically nobler Pt and Ru than the C matrix. The co-doping of 
Pt, Ru, and N had a strong influence on the structures, adhesion 
strengths, and corrosion resistance of DLC thin films.  
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1. INTRODUCTION 
 
DLC thin films have favourable properties for 
electronic, optical, mechanical, tribological, 
electrochemical, and biomedical applications 

[1-4]. Excellent chemical inertness of DLC thin 
films allows them to apply in chemical 
environments [4]. However, the insulating 
property of DLC thin films make them 
impossible in electrochemical applications [5]. 
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Nowadays, N-DLC thin films are interested in 
electrochemical applications after they have 
been successfully made conductive by N doping 
and proved as promising N-DLC thin film 
electrodes for heavy metal tracing in aqueous 
solutions [6-8]. It is found that N doping also 
improves the adhesion strength of N-DLC thin 
films by relaxing their residual stress [9,10]. 
However, there is still a problem encountered 
with N doping, which lowers the corrosion 
resistance of N-DLC thin films by degrading their 
sp3-bonded cross-linking structures with the 
increased number of sp2 sites and, thereby, 
results in their prompt anodic dissolution in 
corrosive media [9,10]. The degraded corrosion 
resistance of N-DLC thin films can affect their 
electrochemical performance, such as 
sensitivity, repeatability, and durability [6-8]. 
Therefore, it becomes important to improve the 
corrosion resistance of N-DLC thin films to be 
successfully applied in electrochemical sensor 
applications. 
 
Khun et al. [11] reported that co-doping of Pt 
and Ru is a possible way to improve the 
corrosion resistance of N-DLC thin films because 
noble Pt and Ru have high corrosion resistance. 
But the co-doping effects of Pt, Ru, and N on the 
bonding structures and corrosion behavior of 
PtRuN-DLC nanocomposite thin films in 
comparison to those of DLC and N-DLC thin films 
have not been widely studied and reported in 
the literature yet. 
 
DLC thin films always contain pores due to an 
unbalance between the kinetics of film-
forming species and the mobility of surface 
adatoms during deposition [12]. The presence 
of pores in DLC thin films allows permeation 
of electrolytes to their underlying substrates 
to cause anodic dissolution of the substrates 
[12]. Combined with the poor adhesion 
strength of DLC thin films, an attack of 
electrochemically active species in permeated 
electrolytes to film/substrate interfaces can 
lead to easy delamination of the films [10]. 
Therefore, detecting pores and assessing their 
effects on the corrosion-protective 
performance of DLC thin films hold the keys to 
understand their corrosion-induced 
degradation mechanisms in aggressive media. 
Zeng et al. [12] recommended that 
electrochemical impedance spectroscopy (EIS) 
was a sensitive technique in detecting 

nanopores in DLC thin films. A comparative 
study on the corrosion-protective 
performance of DLC and N-DLC thin films and 
PtRuN-DLC nanocomposite thin film in a 
highly acidic HCl solution should be carried 
out to understand the co-doping effects of Pt, 
Ru, and N on their corrosion behaviour for 
their successful applications. 
 
In this study, the bonding structures, surface 
roughness, and adhesion strengths of DLC and 
N-DLC thin films and PtRuN-DLC 
nanocomposite thin film were comparatively 
studied using X-ray photoelectron spectroscopy 
(XPS), micro-Raman spectroscopy, atomic force 
microscopy (AFM), and micro-scratch test. Their 
corrosion behavior in a 1 M HCl solution was 
investigated using EIS. 
 
2. EXPERIMENTAL DETAILS 
 
2.1 Sample preparation 
 
DLC and N-DLC thin films and PtRuN-DLC 
nanocomposite thin film were deposited on p-
Si (100) (0.001-0.0035 Ωcm) substrates using 
an unbalanced magnetron sputtering 
deposition system (Penta Vacuum system with 
four target configurations) (Figure 1). Prior to 
the film deposition, the native surface oxides 
and contaminants of the Si substrates were 
removed with Ar+ plasma in a vacuum 
chamber at a negative substrate bias of 250 V 
and a pressure of 10 mTorr for 20 minutes. 
For all the film depositions, a 4-inch graphite 
target (99.99%) and a 4-inch Pt50Ru50 target 
(99.99%) were used. The detailed deposition 
process parameters used in this study are 
presented in Table 1. 
 

 
Fig. 1. Photo of an unbalanced magnetron sputtering 
deposition system used in this study.  
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2.2 Characterization 
 
The chemical compositions and bonding 
structures of the thin films were characterized 
using XPS with an X-ray source of a 
monochromatic Al Kα line (hυ = 1486.71 eV). A 
pass energy of 160 eV was applied for their 
survey scans, and a pass energy of 40 eV was 
used for detail scans of their C 1s, C 1s + Ru 3d, N 

1s, O 1s, and Pt 4f. For the depth profiling, the 
calibrated etching rate with a silicon dioxide 
(SiO2) film was about 3 nm/min.  
The bonding structures of the thin films were 
investigated by micro-Raman spectroscopy 
(Renishaw RM1000) equipped with a He-Ne 
laser of 632 nm in a range of 800-2000 cm-1. Five 
measurements on each sample were carried out 
to average Raman data. 

 
Table 1. Deposition process parameters for DLC and N-DLC thin films and PtRuN-DLC nanocomposite thin film.  

 
DC power 
of C target 

(W) 

DC power 
of Pt50Ru50 

target 

Ar gas 
flow rate 

(sccm) 

N2 gas 
flow rate 

(sccm) 

Deposition 
pressure 
(mTorr) 

Substrate 
bias (-V) 

Substrate 
rotation 

(rpm) 

Deposition 
time (min) 

DLC 650 nil 50 nil 4 20 10 60 

N-DLC 650 nil 50 10 4 20 10 60 

PtRuN-DLC 650 30 50 10 4 20 10 60 

 
The surface topographies of the thin films were 
studied using AFM (Digital Instrument, S-3000) 
with a tapping mode Si3N4 cantilever in a scan 
size of 1 µm × 1 µm. The average value of 
arithmetic mean roughness, Ra, was determined 
from five measurements per sample.  
 
The adhesion strengths of the thin films were 
evaluated using a micro-scratch tester 
(Shimadzu SST-101) with a diamond stylus of 30 
µm in radius that was dragged down onto the 
film surfaces under progressive loading at room 
temperature (RT~22–24 ˚C). The scan amplitude 
and frequency, scratch rate, and down speed 
were 50 µm, 30 Hz, 10 µm/s, and 2 µm/s, 
respectively. Five measurements on each sample 
were conducted to take an average critical load. 
 
The corrosion-protective performance of the thin 
films in a 1 M HCl solution was investigated by EIS 
using an Autolab Type II potentiostat/galvanostat 
with a three-electrode cell. The backsides of the 
film-coated samples with a size of 2 cm × 2 cm 
were coated with a gold layer for a good electrical 
connection during the electrochemical 
measurements. They had an exposed area of 1 cm 

in diameter in a circular shape. A standard calomel 
reference electrode (SCE) (244 mV vs. SHE at 25 
˚C) and a platinum mesh counter electrode were 
used. Their Nyquist and Bold plots were acquired 
at their respective free corrosion potentials in a 
frequency range of 105 to 10-3 Hz with an AC 
excitation signal of 10 mV after immersion in the 
HCl solution for 60 min. 

3. RESULTS AND DISCUSSION 
 
Figure 2 shows the XPS survey scans of the N-DLC 
thin film and PtRuN-DLC nanocomposite thin film 
in comparison. There are three main peaks 
attributed to C, N, and O elements on the XPS 
survey scan of the N-DLC thin film with a step-like 
structure that is attributed to piling-up of the 
background produced by one peak over another 
peaks [13]. The co-doping of Pt and Ru gives rise 
to additional Pt and Ru-related peaks on the XPS 
survey scan of the PtRuN-DLC nanocomposite 
thin film. The background signal is related to the 
production of inelastically scattered electrons 
underneath the sample surface, which exhibit 
their lost kinetic energies upon arrival to the 
surface and, thus, their higher binding energies 
than their core level peak energies according to 
EBE = hν - EK - φ, where EBE is the binding energy, 
h is the Plank's constant, ν is the frequency of the 
X-ray photon, EK is the kinetic energy, and φ is the 
work function of the spectrometer [13]. The XPS 
survey scan of the PtRuN-DLC nanocomposite 
thin film has a higher background especially on 
the higher binding energy side compared to that 
of the N-DLC thin film, indicating the higher 
production of inelastically scattered electrons as 
a result of the presence of surface metal oxides 
[14]. Nevertheless, no observation of any other 
traceable elements on the XPS survey scans of 
both the N-DLC thin film and PtRuN-DLC 
nanocomposite thin film confirms that both the 
thin films do not have any contaminated chemical 
elements. 
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Fig. 2. XPS survey scans of N-DLC thin film and PtRuN-DLC nanocomposite thin film. 

 
Figure 3a shows the depth profile of the DLC 
thin film in which its surface O content is about 
12 at.% and its bulk O content at the etching 
time of 180 s is about 1.7 at.%. Its surface O is 
the result of exposure to the atmosphere after 
venting the deposition chamber, and its bulk O 
results from a reaction of sputtered C species 
with O species existing in the deposition 
chamber during the film deposition. An abrupt 
increase in its Si content at the etching time of 
about 6,400 s points out an interface between 
the film and Si substrate.  
 
In Figure 3b, the N-DLC thin film has a surface 
O content of about 7.29 at.% and a bulk O 
content of 1.1 at.% at the etching time of 180 s, 
which both are lower than those of the DLC thin 
film. A great difference between the 
electronegativities of C (2.5) and O (3.5) causes 
a strong attraction between them to form C-O 
bonds, which is responsible for the O content 
[15]. When the N2 gas is introduced into the 
deposition chamber, the N content reduces the 
C fraction and, thereby, the number of C-O 
bonds in the N-DLC thin film. A smaller 
difference between the electronegativities of N 
(3.0) and O (3.5) causes less attraction between 
them to form N-O bonds, so that the N doping 
cannot compensate for the decreased amount 
of C-O bonds, resulting in its lower surface and 
bulk O contents compared to those of the DLC 
thin film [15]. In addition, the introduction of 
N2 gas during the film deposition probably 
reduces the concentration of O species in the 
deposition chamber as well as lessens 
interaction between C and O species. 

The N content of the N-DLC thin film decreases 
from about 23.09 at.% to 8.89 at.% with etching 
from the surface to the bulk for 180 s. A 
fluctuation in the bulk N content of the N-DLC 
thin film in a range of 7.74–10.04 at.% is 
attributed to aggregation of N inclusions in it 
[16]. The interface between the N-DLC thin film 
and Si substrate is observed at a shorter etching 
time of about 4,800 s compared to that for the 
DLC thin film, indicating its lower film thickness. 
It was reported [17] that light nitrogen ions (14 
amu) less effectively sputtered on the C target 
than heavy argon ions (40 amu) because the 
atomic mass of bombarding ions onto target 
atoms was important to the sputtering yield. In 
addition, ionization of N2 gas is less efficient than 
that of Ar gas due to a strong bonding between 
two N atoms of a N2 molecule [18,19]. Therefore, 
the introduction of N2 gas during the film 
deposition under the same deposition pressure 
lowers the sputtering yield of the C target by 
reducing the fraction of Ar species in the 
deposition chamber, resulting in the lower 
thickness of the N-DLC thin film compared to 
that of the DLC thin film. 
 
The PtRuN-DLC nanocomposite thin film has a 
lower surface O content of about 7.82 at.% and a 
lower bulk O content of about 0.99 at.% at the 
etching time of 180 s than the DLC thin film, 
confirming that the film deposition in the N2 
environment reduces the oxygen content. The 
surface O content of the PtRuN-DLC 
nanocomposite thin film is higher than that of 
the N-DLC thin film. The possible reason is that a 
difference between the electronegativities of Pt 
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(2.2) or Ru (2.2) and O is larger than that 
between C and O or N and O, resulting in more 
interaction between metals and O for the higher 
surface O content [15].  
 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. Depth profiles of (a) DLC and (b) N-DLC thin 
films and (c) PtRuN-DLC nanocomposite thin film. 

 
In Figure 3c, the surface N, Pt, and Ru contents of 
the PtRuN-DLC nanocomposite thin film are 

about 16.16 at.%, 3.62 at.%, and 5.73 at.%, 
respectively. After etching for 180 s, the N 
content apparently decreases to about 7.06 at.%, 
but the Pt and Ru contents remain almost 
unchanged. The bulk N content fluctuates in a 
range of 5.57–8.64 at.%, indicating the 
aggregation of N inclusions [16]. The abruptly 
increased Si content at the etching time of about 
9,600 s is indicative of the film/substrate 
interface, as well as the highest thickness among 
the films used in this study. The PtRuN-DLC 
nanocomposite thin film deposition was carried 
out under the same deposition conditions used 
for the N-DLC thin film deposition, except for 
sputtering the Pt50Ru50 target. Therefore, the co-
doping of Pt and Ru is responsible for the higher 
thickness of the PtRuN-DLC nanocomposite thin 
film than that of the N-DLC thin film. It is found 
that the Ru content is consistently higher than 
the Pt content throughout the thickness of the 
PtRuN-DLC nanocomposite thin film due to the 
PtRu core-shell structure [1,2,20]. 
 
In Figure 4a, the C 1s spectrum of the DLC thin 
film is composed of four peaks: the C-C sp2 peak 
at about 284.1 eV, the C-C sp3 peak at about 285 
eV, the C-O peak at about 285.9 eV, and the C=O 
peak at about 287.7 eV [1,21]. The area ratio of 
its C-C sp2 and C-C sp3 peaks is 1.04. 
 
The four peaks of C-C sp2, C-C sp3, C-O, and C-N 
bonds are found in the C 1s spectrum of the N-
DLC thin film, as shown in Figure 4b. The C-N 
peak located at about 287.2 eV comes from the 
reaction between C and N species [7,21]. The N 
doping increases the area ratio of the C-C sp2 
and C-C sp3 peaks of the N-DLC thin film to 1.25 
as a result of the increased sp2 sites in its C 
matrix because the N doping induces 
graphitization of its amorphous carbon structure 
[2,3,7,21]. Besides, the increased sp2 sites in its 
amorphous carbon structure reduce its film 
density and, consequently, result in a relaxation 
of C-C sp3 to C-C sp2-bonding configuration 
[3,22].  
 
In Figure 4c, the C 1s spectrum of the PtRuN-DLC 
nanocomposite thin film is overlapped entirely 
with Ru 3d3/2 and partially with Ru 3d5/2 [1,23]. 
Its C 1s + Ru 3d spectrum has two additional 
spin-orbit doublets of Ru0 at about 280.6 eV and 
Ru-O at about 282.4 eV [1,11,23]. The PtRuN-
DLC nanocomposite thin film has an area ratio of 
its C-C sp2 and C-C sp3 peaks of 1.48, which is 
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42.3% and 18.4% larger than those of the N-DLC 
and DLC thin films, respectively. It indicates that 
the co-doping of Pt, Ru, and N gives rise to the 
higher sp2 content of the PtRuN-DLC 
nanocomposite thin film than the doping of N 
alone due to the combined effects of N and 
metal-induced graphitization of its amorphous 
carbon structure [1,2,11,24,25].  
 

 
(a) 

 
(b) 

 
(c) 

Fig. 4. Fitted XPS C 1s spectra of (a) DLC and (b) N-
DLC thin films and (c) PtRuN-DLC nanocomposite 
thin film. 

 
Figures 5a and 5b show the deconvoluted XPS N 
1s spectra of the N-DLC thin film and PtRuN-DLC 
nanocomposite thin film, respectively, with the 
N-sp2 peak at about 398.8 eV, the N-sp3 peak at 
about 400.3 eV, and the N-O peak at about 401.2 

eV [1,21]. The N-DLC thin film has an area ratio 
of its N-sp2 and N-sp3 peaks of 2.01, which is 
indicative of a preferential existence of N atoms 
in a sp2-bonding configuration [1,21]. The 
PtRuN-DLC nanocomposite thin film has an area 
ratio of its N-sp2 and N-sp3 peaks of 2.8, which is 
39.3% larger than that of the N-DLC thin film, 
indicating that the co-doping of Pt, Ru, and N 
results in a larger number of sp2 bonds with N 
atoms than the doping of N alone by causing 
both N and metal-induced graphitization 
[1,2,11,24,25]. 
 

 
(a) 

 
(b) 

Fig. 5. Fitted XPS N 1s spectra of (a) N-DLC thin film 
and (b) PtRuN-DLC nanocomposite thin film. 

 
Figure 6 shows the deconvoluted XPS Pt 4f 
spectrum of the PtRuN-DLC nanocomposite thin 
film with three spin-orbit doublets of Pt0 at about 
71.1 eV, Pt2+ at about 71.8 eV, and Pt4+ at about 
73.5 eV resulting from neutral Pt and its different 
oxides, respectively [11]. The different oxidation 
states of Pt in the Pt 4f spectrum of the PtRuN-DLC 
nanocomposite thin film indicate a significant 
number of oxidized Pt species on its surface, which 
supports the claim that the presence of surface 
metal oxides causes the higher production of 
inelastically scattered electrons for its higher XPS 
background compared to that of the N-DLC thin 
film in Figure 2 [11]. 
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Fig. 6. Fitted XPS Pt 4f spectrum of PtRuN-DLC 
nanocomposite thin film. 

 

 
Fig. 7. Raman spectra of DLC and N-DLC thin films 
and PtRuN-DLC nanocomposite thin film. 

 
In Figure 7, the Raman spectrum of the PtRuN-
DLC nanocomposite thin film is apparently 
depressed compared to those of the DLC and 
N-DLC thin films because metal phases in its 
amorphous carbon structure are Raman 
inactive phases [2,3,11,26]. The Raman spectra 
of the DLC and N-DLC thin films and PtRuN-
DLC nanocomposite thin film are fitted into G 
and D peaks using Gaussian functions with a 

linear background [27]. Since the D mode is 
the breathing vibration mode of all sp2 sites 
only in rings, the D peak is mainly attributed 
to rings in an amorphous carbon structure 
[3,27]. As seen in Figure 7, the doping of N 
develops the D peak of the N-DLC thin film 
with respect to its G peak more than that of 
the DLC thin film, as the co-doping of Pt, Ru, 
and N results in the more apparent 
development of the D peak of the PtRuN-DLC 
nanocomposite thin film compared to those of 
both the DLC and N-DLC thin films. It indicates 
that the co-doping of Pt, Ru, and N gives rise to 
higher graphitization of the amorphous carbon 
structure than the doping of N alone. 
 
In Figure 8a, the G and D peaks of the DLC thin 
film exist at about 1540 and 1373 cm -1, 
respectively. The N doping shifts the G and D 
peaks of the N-DLC thin film to about 1552 cm-

1 and 1385 cm-1 because the N doping 
increases sp2 sites in its amorphous carbon 
structure via preferential π bonding of N 
atoms [3,21]. In addition, the upshifts of its G 
and D peak positions can be related to a 
decrease in the disorder of sp2 bonds [28,29]. 
The PtRuN-DLC nanocomposite thin film has 
the G peak at about 1522 cm-1 and the D peak 
at about 1368 cm-1, which both shift to lower 
wave numbers compared to those of the DLC 
and N-DLC thin films. The reason is that Pt and 
Ru have higher atomic masses than C, so the 
co-doping of heavier Pt and Ru increases the 
integrated atomic mass of the entire 
amorphous carbon structure, causing the 
downshifts of the G and D peaks [11,30,31].  
 
In Figure 8b, the G and D peaks of the DLC thin 
film have full widths-at-half-maximum 
(FWHMs) of about 178 cm-1 and 359 cm-1, 
respectively. The N-DLC thin film has a 
narrower FWHMG of about 174 cm-1 than the 
DLC film, confirming that the N doping 
decreases the disorder of sp2 bonds since 
FWHMG is related to the disorder of sp2 bonds 
[3,28]. Besides, its wider FWHMD of about 371 
cm-1 implies an increase in the disorder of rings 
since a distribution of clusters with different 
ring orders broadens the D peak [21]. Doped N 
can adopt several bonding configurations, such 
as pyridine and pyrrole, in the amorphous 
carbon structure, so the N doping increases the 
number of non-sixfold rings and, consequently, 
the disorder of clusters [21,32].  
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(a) 

 
(b) 

 
(c) 

Fig. 8. (a) G and D peak positions, (b) FWHMG and 
FWHMD, and (c) ID/IG of DLC and N-DLC thin films 
and PtRuN-DLC nanocomposite thin film.  

 
The PtRuN-DLC nanocomposite thin film has 
the broadest FWHMG of about 185 cm-1, as 
shown in Figure 8b, which is indicative of its 
highest disorder of sp2 bonds among the films, 
probably due to the energetic bombardment of 
heavy Pt and Ru species onto the growing film 
during the film deposition [11,33]. However, 
its narrowest FWHMD of about 349 cm-1 
indicates that the co-doping of Pt, Ru, and N 
gives rise to the lowest disorder of rings [20]. 
Amorphous carbon contacting with metal 
phases can graphitize at relatively low 
temperatures, and the sputtering process can 
provide sufficient energy to locally heat 

amorphous carbon on metal surfaces as a 
result of thermal spike [34,35]. Therefore, the 
resulting metal-induced graphitization of the 
PtRuN-DLC nanocomposite thin film lessens 
the disorder of rings by increasing the number 
of graphitic rings in its amorphous carbon 
structure in addition to the effect of its N-
induced graphitization. 
 
In Figure 8c, the intensity (ID/IG) ratio of the D 
and G peaks of the DLC thin film is 1.14. The N-
DLC thin film has a larger ID/IG of 1.5, 
confirming that the N doping results in the 
graphitization of its amorphous carbon 
structure because the N doping encourages sp2 
sites to cluster [3,21,27]. The PtRuN-DLC 
nanocomposite thin film has the largest ID/IG 
of 1.92 due to the combined effects of N and 
metal-induced graphitization of its amorphous 
carbon structure [1,2,11,24,25].  
 

 
Fig. 9. Ra values of DLC and N-DLC thin films and 
PtRuN-DLC nanocomposite thin film. 

 
In Figure 9, the Ra value of the DLC thin film is 
1.5 nm, as the N-DLC thin film has a larger Ra 
value of 1.9 nm than the DLC thin film. The N 
doping prefers sp2 bonding as well as 
encourages sp2 sites to cluster [3,25]. Besides, 
N inclusions exist as aggregates in the 
amorphous carbon structure. Therefore, the 
resulting larger number of sp2 sites reduces 
the density of the N-DLC thin film for its higher 
surface roughness, as the existence of N 
aggregates and graphitic phases roughens its 
surface [16,36,37]. The Ra value of the PtRuN-
DLC nanocomposite thin film is 2 nm, which is 
the highest value among the films used in this 
study due to the combined effects of 
graphitization and aggregation associated with 
the co-doping of Pt, Ru, and N [2,11,36-38]. 
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(a) 

 
(b) 

 
(c) 

Fig. 10. AFM images showing surface topographies of 
(a) DLC and (b) N-DLC thin films and (c) PtRuN-DLC 
nanocomposite thin film. 

Figures 10a, 10b, and 10c present the surface 
topographies of the DLC and N-DLC thin films 
and PtRuN-DLC nanocomposite thin film, 
respectively. In Figure 10a, the DLC thin film has 
round surface asperities, resulting from the 
distribution of sp2-hybridized carbon clusters 
that lower its film density [16,39]. The surface 
asperities of the N-DLC thin film are larger than 
those of the DLC thin film, which results from 
the N-induced graphitization and N aggregation 
[2,3,16,36,37]. The PtRuN-DLC nanocomposite 
thin film has the largest surface asperities for its 
highest surface roughness among the films, 
which results from the combined effects of 
graphitization and aggregation induced by the 
co-doping of Pt, Ru, and N [2,3,11,16,36,37].  
 

 
Fig. 11. Critical loads of DLC and N-DLC thin films 
and PtRuN-DLC nanocomposite thin film. 

 
Figure 11 shows the critical loads of the DLC and 
N-DLC thin films and PtRuN-DLC nanocomposite 
thin film, which were taken from an abrupt 
change in tangential force during scratch testing 
[40]. The critical load of the DLC thin film is 232 
mN. The N-DLC thin film has a 68.9% larger 
critical load of 392 mN than the DLC thin film, 
which is indicative of its higher adhesion 
strength. The residual stress in DLC thin film 
results from rigid sp3-bonded cross-linking and 
bond distortion in its amorphous carbon 
structure caused by high energetic 
bombardment of sputtering species and, 
consequently, affects its adhesion to its 
underlying substrate [40,41]. Therefore, the 
larger number of sp2 bonds in the N-DLC film 
can give rise to its higher adhesion strength 
because shorter sp2 bonds reduce strain in the 
film compared to sp3 bonds [30,36,37]. In 
addition, C=N bonds resulting from N doping 
also effectively reduce strain in the N-DLC film 
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since they have shorter bond lengths compared 
to those of either C-C or C=C bonds [36,42,43]. 
Because sp2 bonds have a lower coordination 
number than sp3 bonds, the increased number of 
sp2 bonds in the N-DLC thin film associated with 
the N doping degrades its sp3-bonded cross-
linking structure [3,43]. At the same time, N 
aggregates and graphitic phases also degrade its 
sp3-bonded cross-linking structure. These 
combined effects result in lower residual stress 
in the N-DLC thin film via its structural 
relaxation and, thereby, its higher adhesion 
strength. The PtRuN-DLC nanocomposite thin 
film has the highest critical load of 445 mN, 
which is 98.1% and 13.5% larger than those of 
the DLC and N-DLC thin films, respectively, as a 
result of its highest adhesion strength among the 
films. The metal-induced graphitization and 
metal aggregation associated with the co-doping 
of Pt, Ru, and N further relax residual stress in 
the PtRuN-DLC nanocomposite thin film and 
promote its adhesion strength in addition to the 
effects of N doping on its adhesion strength 
[2,11,44]. 
 
Figures 12a and 12b show the surface 
morphologies of the scratched DLC thin film 
observed at different magnifications. The DLC 
thin film has the lowest adhesion strength 
among the films. During the scratch testing, the 
diamond stylus continuously exerts interfacial 
shear stress between the film and substrate 
under progressive loading. When the stylus-
induced interfacial shear stress exceeds the 
interfacial bond strength between the film and 
substrate, small interfacial cracks are abruptly 
initiated at the film/substrate interface and, 
then, propagated along the scratch trace thanks 
to the vibrational scanning motion of the 
diamond stylus under further progressive 
loading [45,46]. Thereafter, stress concentration 
occurring in front of the diamond stylus causes 
buckle-shaped delamination of the film along the 
scratch trace and, eventually, breaks it into small 
flakes via brittle fracture, as found in Figure 12b, 
when the stress concentration exceeds the 
cohesive strength of the film [45,46]. 
 
In Figures 12c and 12d, the N-DLC thin film does 
not exhibit any buckle-shaped delamination 
along the scratch trace, which is indicative of its 
higher adhesion strength. The higher adhesion 
strength of the N-DLC thin film results in a 
higher interfacial bond strength between the 

film and substrate than the cohesive strength of 
its underlying Si substrate, so that the removal 
of materials from the bulk region of the Si 
substrate as blocky-shaped fragments occurs at 
the critical load. No observation of any scratch-
induced damage on the N-DLC thin film surface 
before the critical load implies that the N-DLC 
thin film has sufficient scratch resistance, 
although the N doping somehow degrades its 
sp3-bonded cross-linking structure. It has been 
known that the N doping gives rise to the lower 
friction and wear of the N-DLC thin film 
compared to those of the DLC thin film [14,22]. 
The improved tribological performance of the N-
DLC thin film also contributes to its higher 
resistance to scratch-induced damage. Since the 
thinner film has lower residual stress, the lower 
thickness of the N-DLC thin film than that of the 
DLC thin film is one of the reasons for its higher 
adhesion strength [47]. 
 
In Figure 12e, the PtRuN-DLC nanocomposite 
thin film exhibits surface damage only at its 
critical load, showing its relatively high scratch 
resistance. As shown in Figure 12f, the removal 
of film materials comes from the interfacial 
failure between the film and substrate, 
confirming the adhesive failure of the PtRuN-
DLC nanocomposite thin film. Although the 
critical load of the PtRuN-DLC nanocomposite 
thin film is larger than that of the N-DLC thin 
film, the cohesive failure of its underlying Si 
substrate is not found in Figure 12f, probably 
due to its higher thickness that effectively 
lessens the transfer of stress concentration to 
the substrate [48].  
 
Comparison of Figures 12a, 12c, and 12e shows 
that the scratch trace is apparently found on the 
surface of the PtRuN-DLC nanocomposite thin film 
as a result of its relatively low elastic recovery. 
Normally, elastic recovery of DLC is related to the 
average coordination of its amorphous carbon 
network [49]. The amorphous carbon network 
with a low coordination has less rigidity and, 
subsequently, a high tendency to have easy 
deformation during loading and low elastic 
recovery after unloading. Therefore, the co-doping 
of Pt, Ru, and N lowers the rigidity of the 
amorphous carbon network of the PtRuN-DLC 
nanocomposite thin film by increasing the number 
of sp2 bonds via its N and metal-induced 
graphitization since the coordination number of 
sp2 bonds is lower than that of sp3 bonds [3]. The N 
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and metal aggregates and graphitic phases also 
lessen the rigidity of its amorphous carbon 
network by degrading its sp3-bonded cross-linking 
structure. Therefore, its lower elastic recovery 
compared to those of the DLC and N-DLC thin films 

results in a more apparent scratch trace, left after 
the scratch testing, on its surface. Furthermore, the 
much lower elastic moduli of Pt and Ru compared 
to the carbon matrix are also responsible for its 
lower elastic recovery [50].  

 

  
(a) (b) 

   

(c) (d) 

  

(e) (f) 

Fig. 12. Surface morphologies of scratched (a and b) DLC and (c and d) N-DLC thin films and (e and f) PtRuN-DLC 
nanocomposite thin film observed at different magnifications.  
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It is supposed that the existence of PtRu 
aggregates on the surface of the PtRuN-DLC 
nanocomposite thin film can absorb stress 
concentration caused by the diamond stylus via 
their easy deformation at contact points, so that 
the film needs more scratch load to cause 
adhesive failure between the film and substrate. 
This could be one of the possible reasons for the 

higher critical load of the PtRuN-DLC 
nanocomposite thin film than those of the DLC 
and N-DLC thin films [50]. The highest thickness 
of the PtRuN-DLC nanocomposite thin film can 
also be related to its highest critical load because 
a thicker film requires a larger scratch load to 
transfer and exert stress on the film/substrate 
interface [48]. 

 
Table 2. Deposition process parameters used for N-DLC thin film and PtRuN-DLC nanocomposite thin film in Ref. [2]. 

 
DC power 
of C target 

(W) 

DC power 
of Pt50Ru50 

target 

Ar gas 
flow rate 

(sccm) 

N2 gas 
flow rate 

(sccm) 

Deposition 
pressure 
(mTorr) 

Substrate 
bias (-V) 

Substrate 
rotation 

(rpm) 

Deposition 
time (min) 

N-DLC 850 nil 50 15 3 90 20 30 

PtRuN-DLC 850 40 50 15 3 90 20 30 

 
Table 2 presents the deposition process 
parameters used for the previous set of the N-
DLC thin film and PtRuN-DLC nanocomposite 
thin film in Ref. [2]. Comparison of Table 1 and 
Table 2 shows that the lower deposition process 
parameters were used for the present set of the 
DLC and N-DLC thin films and PtRuN-DLC 
nanocomposite thin film but with the longer 
deposition time. 
 
The present N-DLC thin film has a 11.5% higher 
N content than the previous one in Ref. [2], 
although the lower N2 flow rate was used with 
the same Ar flow rate in this study. The possible 
reasons are that the higher deposition pressure 
used in this study allows the higher 
concentration of N species in the deposition 
chamber, while the significantly lower DC C-
target power reduces the kinetic energies of 
impinging C species, which in turn promotes the 
formation of sp2 bonds with more N atoms in the 
amorphous carbon structure since N atoms 
prefer π bonding [3,6,21]. In addition, the 
reduced kinetic energies of impinging C species 
may allow the incorporation of more N atoms in 
the film by giving a higher chance for reactions 
between C and N species. 
 
The present PtRuN-DLC nanocomposite thin film 
has a 13.1% higher Pt content and a 16.9% higher 
Ru content than the previous one in Ref. [2]. 
Although the lower DC Pt50Ru50-target power was 
used in this study, the higher Pt and Ru contents 
of the present PtRuN-DLC nanocomposite thin 
film indicate that the significantly lower DC C-
target power gives rise to the lower kinetic 
energies of impinging C species and, 

subsequently, allows the co-incorporation of 
more Pt and Ru atoms in the film. As a result, the 
higher Pt and Ru fractions in the present PtRuN-
DLC nanocomposite thin film result in the lower 
fraction of its N content, which is confirmed by its 
10.7% lower N content. 
 
The present N-DLC thin film has a 15.4% larger 
ID/IG than the previous one in Ref. [2]. Since the 
higher kinetic energies of impinging C species 
can promote the number of sp3 bonds in an 
amorphous carbon structure, their lower kinetic 
energies associated with the use of lower DC C-
target power and negative substrate bias during 
the film deposition result in the higher sp2 
content of the N-DLC thin film [3]. The higher 
deposition pressure gives rise to the higher 
density of film-forming species in the deposition 
chamber and, consequently, their shorter mean 
free paths and lower kinetic energies, which also 
result in the higher sp2 content of the N-DLC thin 
film [3]. As a result of encouraging sp2 sites to 
cluster by N doping, the N-DLC thin film has a 
larger ID/IG than the DLC thin film. It is 
consistently found that the present PtRuN-DLC 
nanocomposite thin film also has a 20% larger 
ID/IG than the previous one in Ref. [2], although 
it has a slightly lower N content. Its higher Pt 
and Ru contents should also be taken into 
account in its larger ID/IG by correlating to its 
metal-induced graphitization [2,11,51]. The 
longer deposition time can generate a higher 
substrate temperature for higher graphitization 
of the amorphous carbon structure, which could 
contribute to the larger ID/IG of both the present 
N-DLC thin film and PtRuN-DLC nanocomposite 
thin film [52].  



Nay Win Khun and Erjia Liu, Journal of Materials and Engineering Vol. 04, Iss. 1 (2026) 10-28 

 

 22 

Both the present N-DLC thin film and PtRuN-DLC 
nanocomposite thin film have 134.6% and 
69.5% larger Ra values than the previous ones in 
Ref. [2], respectively. The energetic 
bombardment of film-forming species compacts 
the film surface as well as forms the dense film 
by generating a high number of sp3 bonds 
[53,54]. It can be seen that the lower kinetic 
energies of impinging C species associated with 
the lower DC C- and Pt50Ru50-target powers, 
lower negative substrate bias, and higher 
deposition pressure are responsible for their 
larger Ra values by means of their lower film 
densities associated with their higher sp2 
contents [53-55]. Besides, the higher number of 
graphitic phases contributes to the higher 
surface roughness of both the present N-DLC 
thin film and PtRuN-DLC nanocomposite thin 
film, as the higher Pt and Ru contents of the 
PtRuN-DLC nanocomposite thin film give an 
additional effect on its higher surface roughness 
by protruding more PtRu aggregates above its 
surface [11]. 
 
The present N-DLC thin film has a 9.2% larger 
critical load than the previous one in Ref. [2], as 
the present PtRuN-DLC nanocomposite thin film 
also has a 13.2% larger critical load compared to 
the previous one. The lower deposition process 
parameters used in this study result in their less 
sp3-bonded cross-linking structures, and their 
resulting lower residual stresses lead to their 
improved adhesion strengths. The higher N 
content of the present N-DLC thin film also 
contributes to its higher adhesion strength. The 
lower N content of the present PtRuN-DLC 
nanocomposite thin film can affect its adhesion 
strength somehow, but its higher Pt and Ru 
contents are responsible for improving its 
adhesion strength via its metal-induced 
graphitization [1,2,11,24,25]. Comparison of the 
present and previous results clearly points out 
that the deposition parameters have significant 
influence on the structures, surface roughness, 
and adhesion strengths of both the N-DLC thin 
film and PtRuN-DLC nanocomposite thin film. 
 
Figures 13a and 13b show the Nyquist and Bode 
plots of the DLC and N-DLC thin films and 
PtRuN-DLC nanocomposite thin film measured 
in a 1 M HCl solution, respectively. In Figure 13a, 
the semicircle of the N-DLC thin film has the 
smallest diameter among the films as well as a 
smaller diameter than that of the DLC thin film. 

This indicates that the N-DLC thin film has the 
lowest corrosion-protective performance in the 
HCl solution among the films, as its corrosion-
protective performance is lower than that of the 
DLC thin film. Although both the DLC and N-DLC 
thin films have nearly complete semicircles, the 
semicircle of the PtRuN-DLC nanocomposite thin 
film is incomplete, which means that the PtRuN-
DLC nanocomposite thin film has the highest 
corrosion-protective performance in the HCl 
solution. In Figure 13b, the PtRuN-DLC 
nanocomposite thin film exhibits the widest 
phase angles in an intermediate frequency 
range, confirming that it has the highest 
corrosion-protective performance in the HCl 
solution among the films [44,56]. 
 

 
(a) 

 
(b) 

Fig. 13. (a) Nyquist and (c) Bode plots of DLC and N-
DLC thin films and PtRuN-DLC nanocomposite thin 
film measured in a 1 M HCl solution. 

 
An equivalent circuit model in Figure 14 was 
used to analyze the Nyquist and Bode plots in 
Figures 13a and 13b, respectively [44]. The 
replacement of capacitors in the circuit with 
constant-phase elements (Q) gave better curve-
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fitting [48]. The EIS results are presented in 
Table 3. The equivalent circuit consists of the 
following elements: the resistance of the 
solution (R1), the constant-phase element (Q2) 
and charge transfer resistance (R2) at the 
film/solution interface, and the constant-phase 
element (Q3) and bulk resistance (R3) of the 
film [44].  
 

 
Fig. 14. An equivalent circuit used to fit the Nyquist 
and Bode plots in Figure 13. 

Table 3. Fitted results from EIS spectra in Figures 13 using an equivalent circuit in Figure 14. 

 R1 (Ωcm2) R2 (Ωcm2) 
Q2 

(sn/Ωcm2) 
n2 R3 (Ωcm2) 

Q3 
(sn/Ωcm2) 

n3 

DLC 19.33 2.12×106 0.201×10-6 0.802 3.47×106 0.592×10-6 0.984 

N-DLC 10.14 6.94×103 0.176×10-6 0.93 1.8×106 0.372×10-6 0.787 

PtRuN-DLC 10.66 10.09×106 0.702×10-6 0.753 10.07×106 0.702×10-6 0.753 

 
In Table 3, the DLC thin film has a high R2 value 
of 2.12×106 Ωcm2, indicating its high charge 
transfer resistance in the highly acidic solution 
because the high content of sp3 bonds in its 
amorphous carbon structure forms a rigid sp3-
bonded cross-linking network that prevents its 
prompt anodic dissolution [1,3,12,44]. The DLC 
film has a high R3 value of 3.47×106 Ωcm2. It is 
known that DLC thin film is always composed of 
various pores: open pores that allow permeation 
of the solution to the film/substrate interface 
and closed pores that do not allow permeation of 
the solution [12]. Pores develop with longer 
immersion via anodic dissolution of the film, so 
that the developed pores allow the solution to 
permeate to the underlying substrate, causing 
the electrolytic conduction in the bulk of the film 
[12]. Therefore, the high bulk resistivity of the 
DLC thin film points out its low porosity density 
to effectively hinder migration of electrolytic 
ions through the film to the Si substrate [12]. 
The observed CPEs in the equivalent circuit of 
the DLC thin film indicate a deviation from its 
ideal capacitive behavior, which may result from 
non-uniform current distribution induced by the 
non-uniform existence of sp2 clusters in its 
amorphous carbon structure [57]. 
 
The N-DLC thin film has a significantly lower R2 
value of 6.94×103 Ωcm2 than the DLC thin film, 
which can be correlated to its decreased 
corrosion resistance in the HCl solution with the 
N doping. This can be explained by its degraded 
sp3-bonded cross-linking structure associated 
with N-induced structural imperfections such as 
changes in sp2 and sp3 contents, N aggregates, 
and graphitic phases [1,10,11,44]. In addition, 
the increased electrical conductivity of the N-

DLC thin film accelerates corrosion reactions 
between the film and the solution, which is also 
responsible for its higher corrosion in the HCl 
solution compared to that of the insulating DLC 
thin film [1,10,11,44]. The N-DLC thin film has a 
lower R3 value of 1.8×106 Ωcm2 than the DLC 
thin film, as shown in Table 3, which is indicative 
of its lower bulk resistance. The N-induced 
structural degradation of the N-DLC thin film 
accelerates the development of pores via its 
prompt anodic dissolution in the HCl solution, 
which in turn allows communication between 
the electrolytic medium and substrate material 
through the migration of electrolytic ions [10-
12,44]. The lower thickness of the N-DLC thin 
film than that of the DLC thin film gives rise to a 
shorter path as well as a higher porosity density 
for the faster and more permeation of the 
solution to communicate with its substrate, 
resulting in its higher electrolytic conduction 
[12]. At the same time, the improved electrical 
conductivity of the N-DLC thin film also 
contributes to its lower bulk resistance as a 
result of the higher kinetics of electron transfer 
through the film [10-12,44,58]. These combined 
effects lead to the lower bulk resistance of the N-
DLC thin film. 
 
In Table 3, the PtRuN-DLC nanocomposite thin 
film has the largest R2 value of 10.09×106 Ωcm2 
among the films due to its highest charge 
transfer resistance in the HCl solution. Although 
the degradation of its sp3-bonded cross-linking 
structure with the co-doping of Pt, Ru, and N 
should cause its highest corrosion in the HCl 
solution, its highest charge transfer resistance 
clearly points out that the co-doping of Pt and Ru 
is mainly responsible for its highest corrosion 
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resistance in the HCl solution because Pt and Ru 
are electrochemically nobler than the C matrix 
[11,59]. The PtRuN-DLC nanocomposite thin 
film has the largest R3 value of 10.07×106, which 
is indicative of its highest bulk resistance. It was 
reported [55,56] that the distance between 
metal aggregates could drop to begin a 
conducting path in the bulk when the metal 
concentration reached a certain value. It is, 
therefore, supposed that the concentrations of Pt 
and Ru in the PtRuN-DLC nanocomposite thin 
film are not sufficient to make a conducting path 
in its bulk. Isolated metal aggregates are 
electrically inactive in the bulk of the film 
[60,61]. Schiffmann et al. [60] and Pleskov et al. 
[61] reported that the electrical conductivity of 
DLC thin film was associated with charge carrier 
hopping between sp2-hybridized sites. It is 
hypothesized that the N doping probably 
promotes the charge carrier hopping effect by 
increasing sp2 clusters in the film via its 
graphitization [12]. The distribution of 
embedded PtRu aggregates in the film degrades 
its electrical conductivity because they act as 
tunnel barriers between the nearest sp2 clusters 
and prevent hopping conductance between 
them. Therefore, the co-doping of Pt and Ru 
gives rise to the highest electrical resistivity of 
the PtRuN-DLC nanocomposite thin film and, 
thereby, its highest charge transfer resistance in 
the HCl solution because the lowest kinetics of 
electron transfer through its bulk results in its 
slowest anodic dissolution [60-62]. Moreover, 
3D distribution of PtRu aggregates in the film 
greatly drops the number of its open pores, 
effectively hinders the permeation of the 
solution, and, thereby, prevents its electrolytic 
conduction [11]. Furthermore, the highest 
thickness of the PtRuN-DLC nanocomposite thin 
film results in the lowest porosity density, since 
the thicker film makes the formation of open 
pores more difficult. Therefore, the highest 
electrical resistivity and lowest porosity density 
of the PtRuN-DLC nanocomposite thin film are 
responsible for its highest bulk resistance 
among the films. 
 
The lowest n2 and n3 values (Table 3) of the 
PtRuN-DLC nanocomposite thin film indicate its 
largest deviation from the ideal double layer and 
bulk capacitive behavior, respectively. N 
aggregates and graphitic phases cause non-
uniform electrochemical reaction rates on the 
surface of the PtRuN-DLC nanocomposite thin 

film because they have different sp2 contents to 
cause localized changes in its electrical 
conductivity and, thereby, in its surface 
electrochemical reaction rates, while PtRu 
aggregates also contribute to the non-uniform 
electrochemical reaction rates on the film 
surface via their catalytic activities [44,63]. 
Besides, the highest surface roughness of the 
PtRuN-DLC nanocomposite thin film can result 
in the most uneven electron transfers over its 
surface for its most non-uniform electrochemical 
reaction rates [44,63]. Therefore, the above-
mentioned effects are responsible for the lowest 
n2 value of the PtRuN-DLC nanocomposite thin 
film. The lowest n3 value of the PtRuN-DLC 
nanocomposite thin film is attributed to the non-
uniform distribution of N and PtRu aggregates 
and graphitic phases within its bulk [62].  
 

 
Fig. 15. Surface morphology of N-DLC thin film 
observed after EIS measurement in a 1 M HCl 
solution. 

 
The corrosion-induced surface damage of the N-
DLC thin film with the lowest corrosion 
resistance in the HCl solution was evaluated 
using SEM. Figure 15 shows the surface 
morphology of the N-DLC thin film tested in the 
HCl solution, from which its apparent surface 
damage caused by its anodic dissolution is not 
found, although it has the lowest corrosion 
resistance among the films. Distribution of 
corrosion products, which result from 
electrochemical reactions between the film and 
the solution, is apparently found on the N-DLC 
thin film surface, indicating its uniform 
corrosion in the HCl solution [10]. The SEM 
observation reveals that the N-DLC thin film has 
relatively high resistance to anodic dissolution 
in the highly acidic HCl solution. 
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4. CONCLUSION 
 
The DLC and N-DLC thin films and PtRuN-DLC 
nanocomposite thin film were deposited on Si 
substrates to comparatively investigate their 
structures, surface roughness, adhesion strengths, 
and corrosion resistance in the 1 M HCl solution.  

• The N-DLC thin film had a higher sp2 content 
than the DLC thin film as a result of the N-
induced graphitization, as the PtRuN-DLC 
nanocomposite thin film had the highest sp2 
content among the films due to the combined 
effects of N and metal-induced graphitization.  

• The PtRuN-DLC nanocomposite thin film had 
the highest surface roughness resulting from 
N and metal aggregation and graphitic 
phases, as the N-DLC thin film had the higher 
surface roughness than the DLC thin film as a 
result of its graphitization.  

• The N-DLC thin film had a higher critical load 
than the DLC thin film, which indicated its 
higher adhesion strength. The co-doping of 
Pt, Ru, and N gave rise to the highest critical 
load of the PtRuN-DLC nanocomposite thin 
film, which could be related to its highest 
adhesion strength.  

• The N-DLC thin film had lower charger 
transfer and bulk resistance in the HCl 
solution than the DLC thin film due to its 
degraded sp3-bonded cross-linking structure 
and promoted electrical conductivity. 
However, the co-doping of Pt, Ru, and N in the 
PtRuN-DLC nanocomposite thin film resulted 
in its highest charge transfer and bulk 
resistance in the same solution because Pt 
and Ru were electrochemically nobler than 
the C matrix. Besides, the distribution of PtRu 
aggregates degraded the electrical 
conductivity of the PtRuN-DLC 
nanocomposite thin film as well as decreased 
its porosity density to hinder the permeation 
of the solution through its bulk, resulting in 
its highest corrosion resistance in the HCl 
solution.  

• The deposition process parameters, such as 

sputtering DC power, negative substrate 

bias, reactive gas flow rate, and deposition 

pressure, apparently affected the structures, 

surface roughness, and adhesion strengths of 

the N-DLC thin film and PtRuN-DLC 

nanocomposite thin film. 
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