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 A B S T R A C T 

Nitrogen-doped tetrahedral amorphous carbon (taC:N) thin films with 
varying nitrogen concentrations were synthesized on silicon (Si) 
substrates using a filtered cathodic vacuum arc (FCVA) deposition 
process. Then, they were annealed at 200 ˚C for 2 minutes to study the 
effects of rapid thermal annealing (RTA) on their structure, surface 
roughness, and adhesion strength. It was found that the increased N 
content or the annealing increased the graphitization of the taC:N thin 
films, which was responsible for their increased surface roughness. The 
adhesion strength of the taC:N thin films increased with their increased N 
contents or the annealing as a result of their degraded sp3-bonded cross-
linking networks with the increased number of sp2 bonds, N aggregates, 
and graphitic phases. It was concluded that changes in the structure, 
surface roughness, and adhesion strength of the taC:N thin films were 
apparently related to their N contents or the annealing. 
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1. INTRODUCTION 
 
Diamond-like carbon (DLC) is a metastable 
amorphous carbon consisting mainly of a 
mixture of sp3 and sp2 bonds [1,2]. DLC thin 

films possess a remarkable combination of 
superior properties, including high electrical 
resistivity, exceptional hardness, low friction, 
excellent wear resistance, strong corrosion 
resistance, chemical inertness, and 
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biocompatibility. These attributes render them 
highly valuable for diverse industrial 
applications [3]. 
 
DLC thin films can be produced by physical 
(PVD) and chemical (CVD) vapour deposition 
techniques. Among PVD methods, the FCVA 
deposition technique can generate a plasma with 
highly energetic C species, which can penetrate a 
growing film and fill in pinholes to produce 
highly dense taC thin films [2]. Therefore, taC 
thin films possess the highest amount of sp3 
bonds, which is responsible for their highest 
mechanical strength and wear resistance, among 
various DLC thin films. However, the FCVA 
deposition technique induces high residual 
stress in taC thin films, which greatly limits their 
adhesion strength and, thereby, their film 
thickness [2,4,5]. Since thick films with strong 
adhesion strength are demanded by mechanical 
components or systems operating in harsh 
environments for their durability and long 
service life, it has been an important topic for 
researchers to improve the adhesion strength of 
taC thin films for several decades [2,4,5]. 
 
The incorporation of N atoms in taC thin films is a 
potential way to improve their adhesion strength 
by relaxing their residual stress [2,5]. However, the 
high N content degrades the mechanical strength 
and corrosion resistance of taC:N thin films, so it is 
necessary to optimize their N contents in order to 
make a balance between these properties based on 
their desired properties. Besides, not many studies 
on the effects of N doping on the adhesion strength 
of taC:N thin films have been found in the 
literature, which indicates that it is still necessary 
to comprehensively investigate their adhesion 
strength with respect to their N contents. 
 
Annealing taC thin films is also another possible 
method to improve the adhesion strength of taC 

thin films because annealing degrades their rigid 
sp3-bonded cross-linking structures, which are 
responsible for their high residual stress, with 
the increased number of sp2 bonds in their C 
matrixes [6,7]. However, annealing process 
parameters are always complicated with 
metastable taC thin films, so it does not always 
give an improvement in their adhesion strength 
because of several problems, such as degassing, 
thermal mismatch between the film and 
substrate, and so on [8]. It is, therefore, 
necessary to optimize annealing process 
parameters to promote the adhesion strength of 
taC thin films. However, reports on the adhesion 
strengths of taC:N thin films with the annealing 
treatment are rare in the literature. It deserves 
to investigate the structure and adhesion 
strength of annealed taC:N thin films with 
different N contents to understand the combined 
effects of N content and annealing on their 
adhesion strength, which has not been widely 
reported in the literature yet. 
 
In this study, the taC:N thin films with different 
N contents were prepared using a FCVA 
deposition technique and then annealed at the 
optimized temperature of 200˚C for 2 minutes to 
investigate the effects of RTA on their structure, 
surface roughness, and adhesion strength with 
respect to their different N contents [8].  
 
2. EXPERIMENTAL DETAILS 
 
2.1 Sample preparation 
 
A nanofilms FCVA deposition system was used 
to deposit the taC:N thin films on p-type Si 
substrates (111) by varying the N2 gas flow rate 
for their different N contents. A graphite target 
of ≥99.95% C was used as the C source. Table 1 
shows the detailed deposition process 
parameters of the taC:N thin films. 

 
Table 1. Deposition process parameters of taC:N thin films. 

N2 flow rate (sccm) 0.5 3 5 10 20 

Working pressure (Torr) 2.8×10-6 3.5×10-5 5×10-5 9.7×10-5 1.9×10-4 

Bias (V) 1500 

Film thickness (nm) 100 

 
A Jipelec Jetfirst 100 RT processor was used to 
anneal the taC:N thin films with different N 
contents in a nitrogen environment, which was 
supplied by nitrogen gas at 2,000 sccm, at a 

temperature of 200˚C for 2 minutes. The 
temperature was ramped at 25˚C/s and then 
cooled down at 6˚C/s.  
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2.2 Characterization 
 
The X-ray photoelectron spectroscopy (XPS, 
Kratos) attached with an X-ray source of a 
monochromatic Al Kα line (hυ = 1486.71 eV) was 
applied to measure the elemental compositions 
and chemical bonding structures of the taC:N 
thin films.  
 
The bonding structures of the taC:N thin films 
were characterized by micro-Raman spectroscopy 
(Renishaw RM1000), which had a He-Ne laser of 
632 nm. Raman data were averaged by five 
random measurements on each sample surface. 
 
The atomic force microscopy (AFM, Digital 
Instrument, S-3000), which was attached with a 
tapping mode Si3N4 cantilever, was applied to 
capture the surface topographies of the taC:N 
thin films. The average value of arithmetic mean 
roughness (Ra), average maximum peak height 
(Rpm), and average maximum valley depth (Rvm) 
were determined from five random 
measurements on each sample surface.  
 
A diamond stylus of 15 µm in radius attached to a 
micro-scratch tester (Shimadzu SST-101) was 
dragged down onto the taC:N thin film surfaces 
under progressive loading at room temperature 
(RT ~ 22–24˚C) to evaluate their adhesion 
strength, which was averaged by five random 
measurements per sample. The scan amplitude 
and frequency, scratch rate, and down speed were 
50 µm, 30 Hz, 10 µm/s, and 2 µm/s, respectively.  
 

The surface morphologies of the taC:N thin films 
were observed using scanning electron 
microscopy (SEM, JEOL-JSM-5600LV). 
 
3.  RESULTS AND DISCUSSION 
 

Figure 1 presents the surface chemical 
composition variations in taC:N thin films 
deposited without and with RTA at 200°C for 2 
minutes, analyzed against increasing N2 gas flow 
rates. For non-annealed (as-deposited) taC:N 
films, the surface nitrogen concentration rises 
from 0.54 at.% to 5.29 at.% (9.8 times increase) 
as the N2 flow rate escalates from 0.5 to 20 sccm. 
 

The increased deposition pressure associated with 
the increased N2 gas flow rate increases the 
concentration of N species in the deposition 
chamber during the film deposition, resulting in 
the increased N content of the taC:N thin films [9]. 

 

Fig. 1 Surface chemical compositions of taC:N thin 
films without or with RTA at 200˚C for 2 minutes as a 
function of N2 gas flow rate. 
 

The surface N contents of the annealed taC:N 
thin films with 0.5 and 20 sccm N2 are 1.63 
at.% to 5.56 at.% (3.4 times higher). The 
surface N contents of the annealed taC:N thin 
films are 201.9% higher for the 0.5 sccm, 
52.6% higher for the 3 sccm, 21.5% higher for 
the 5 sccm, 2.5% higher for the 10 sccm, and 
5.1% higher for the 20 sccm than those of the 
as-deposited ones. Therefore, it is clear that 
the increased surface N contents of the 
annealed taC:N thin films mainly result from 
the interaction of their surfaces with N species 
in the vacuum chamber during the annealing 
process, as the more C-rich surface seems to 
have more physical or chemical adsorption of 
N atoms. In addition, the possible diffusion of 
incorporated N atoms to the film surface 
during the RTA also contributes to the higher 
surface N contents of the annealed taC:N thin 
films compared to those of the as-deposited 
ones [8,10,11]. 
 
The typical XPS C 1s spectra of the as-
deposited taC:N thin films with N2 gas flow 
rates of 3 sccm and 20 sccm can be found in 
Figures 2a and 2b, respectively. They have 
four major peaks: the C-C sp2 peak at about 
284.2 eV, the C-C sp3 peak at about 285 eV, the 
C-O peak at about 286 eV, and the C-N peak at 
about 288.6 eV. The taC:N thin film deposited 
with 20 sccm N2 exhibits a significantly higher 
intensity ratio of C-C sp² and C-C sp³ bonding 
peaks compared to the 3 sccm N2 sample. This 
disparity is attributed to an increased 
proportion of sp²-hybridized bonds within the 
carbon matrix, likely resulting from nitrogen 
atoms preferentially engaging in π-bonded 
configurations [1,9,12]. 
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                                               (a) 

 
                                               (b) 

Fig. 2. XPS C 1s spectra of as-deposited taC:N thin films 
with N2 gas flow rates of (a) 3 sccm and (b) 20 sccm. 
 

Figure 3 depicts the Raman spectra of as-deposited 
taC:N thin films synthesized under varying N₂ gas 
flow rates. In the taC thin films, Raman spectral 
features primarily arise from sp²-bonded carbon 
within their amorphous structure. The observed 
enhancement in spectral intensities with elevated 
nitrogen content suggests a corresponding 
increase in sp²-hybridized carbon configurations 
within the matrices, due to nitrogen incorporation 
promoting sp²-bond formation. The Raman 
spectra were fitted with two Gaussian G and D 
peaks for further analysis. 
 

 

Fig. 3. Raman spectra of as-deposited taC:N thin films 
with different N2 gas flow rates. 

Figure 4a demonstrates a progressive decrease 
in the G peak position of as-deposited taC:N thin 
films, shifting from 1532.3 cm-¹ to 1528.9 cm-¹ 
as the N2 gas flow rate increases from 0.5 to 20 
sccm. Prior studies [1,13] suggest that N doping 
promotes clustering of sp²-bonded carbon sites. 
Elevated N content in taC:N films facilitates the 
structural reorganization of sp²-hybridized 
carbon, transitioning from short-chain 
configuration to ring formation [1,13–15]. This 
shift increases the density of ring structures 
within the carbon matrix. As chain-like bonds 
possess shorter bond lengths compared to ring 
structures, the increased number of rings 
reduces vibrational frequencies in the lattice, 
thereby downshifting the G peak with higher 
nitrogen incorporation. 
 

 
            (a) 

 
           (b) 

Fig. 4. (a) G peak positions and (b) FWHMsG of taC:N 
thin films without or with RTA at 200˚C for 2 minutes 
as a function of N2 gas flow rate. 

 
It is found that the taC:N thin films show an 
apparent downshift with an increased N2 flow 
rate from 0.5 sccm to 5 sccm and then a slow 
downshift with a further increased N2 flow rate 
to 20 sccm in their G peak positions. It indicates 
that changes in their amorphous carbon 
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structures with their N contents are approaching 
saturation when the N2 flow rate is increased by 
more than 5 sccm. 
 
The annealed taC:N thin films exhibit a similar 
trend of G peak position versus N2 flow rate to 
that of the as-deposited ones, which is confirmed 
by their decreased G peak position from 1538.7 
cm-1 to 1534.4 cm-1 with an increased N2 gas 
flow rate from 0.5 sccm to 20 sccm in Figure 4a. 
However, the G peak positions of the annealed 
taC:N thin films exist at higher wave numbers 
for all the N contents compared to those of the 
as-deposited ones, probably due to the 
decreased number of tetrahedral bonds and the 
decreased disorders of bond angles and lengths 
associated with the annealing [16].  
 
In Figure 4b, the full width-half-at-maximum 
(FWHM) of the G peaks of the as-deposited taC:N 
thin films decreases from 215.5 cm-1 to 206.9 cm-1 
with an increased N2 gas flow rate from 0.5 sccm to 
20 sccm, indicating the decreased disorder of rings 
in their C matrixes with their increased N contents 
since the disorder of rings contributes to the 
FWHMD. It also means the increased number of 
aromatic rings in their C matrixes because N 
doping encourages sp2 sites to cluster [5,10]. 
Similarly, the FWHMD of the annealed taC:N thin 
films also decreases from 205.9 cm-1 to 199.9 cm-1 
with an increased N2 gas flow rate from 0.5 sccm to 
20 sccm. However, the FWHMsD of the annealed 
taC:N thin films are apparently narrower than 
those of the as-deposited ones for all the N 
contents, which can be related to the lowered 
disorder of rings in their C matrixes associated 
with the annealing [1,17]. 
 
In Figures 5a and 5b, the intensity (ID/IG) and 
area (AD/AG) ratios of the D and G peaks of the 
as-deposited taC:N thin films apparently 
increase from 0.92 and 1.74 to 1.2 (30.4% 
increase) and 2.76 (58.6% increase), 
respectively, with an increased N2 gas flow rate 
from 0.5 sccm to 20 sccm. It indicates the 
increased number of rings per cluster in their C 
matrixes with their increased N contents as a 
result of their increased N-induced 
graphitization. The annealed taC:N thin films 
also exhibit apparent increases in their ID/IG and 
AD/AG ratios from 1.05 and 2.1 to 1.59 (51.4% 
increase) and 3.29 (64.5% increase), 
respectively, with an increased N2 gas flow rate 
from 0.5 sccm to 20 sccm [9,13].  

 
          (a) 

 
           (b) 

Fig. 5. (a) ID/IG and (b) AD/AG ratios of taC:N thin 
films without or with RTA at 200˚C for 2 minutes as a 
function of N2 gas flow rate. 

 
The ID/IG and AD/AG ratios of the annealed taC:N 
thin films are apparently larger than those of the 
as-deposited ones for all the N contents, which is 
indicative of the higher graphitization of their 
amorphous carbon structures associated with 
the annealing [17]. A divergence between the 
trends of ID/IG or AD/AG versus N2 gas flow rate 
of the taC:N thin films without and with the RTA 
reveals that the annealing causes the higher 
graphitization of their amorphous carbon 
structures for their higher N contents via the 
combined effects of N- and annealing-induced 
graphitization. 
 
In Figure 6a, the Ra values of the as-deposited 
taC:N thin films increase from 0.12 nm to 0.23 nm 
(91.7% increase) with an increased N2 gas flow 
rate from 0.5 sccm to 20 sccm. Such an increase in 
their Ra values can be explained by several factors: 
increased N-induced graphitization, the increased 
N aggregation, and reduced film density linked to 
higher sp²-bond concentrations [8,9,18]. In Figure 
6b, their Rpm and Rvm values also increase from 
0.27 nm and 0.25 nm to 0.45 nm (66.7% increase) 
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and 0.44 nm (76% increase), respectively, with an 
increased N2 gas flow rate from 0.5 sccm to 20 
sccm. It reveals that the maximum heights of their 
surface peaks and the maximum depths of their 
surface valleys become increased with their 
increased N contents, which are responsible for 
their increased surface roughness.  
 

 
           (a) 

 
           (b) 

Fig. 6. (a) Ra values of taC:N thin films without or 
with RTA at 200˚C for 2 minutes as a function of N2 
gas flow rate and (b) Rpm and Rvm values of taC:N thin 
films without RTA as a function of N2 gas flow rate. 

 
The Ra values of the annealed taC:N thin films 
also increase from 0.16 nm to 0.28 nm (86.7% 
increase) with an increased N2 gas flow rate 
from 0.5 sccm to 20 sccm, as shown in Figure 6a. 
Their Ra values are apparently larger than those 
of the as-deposited ones for all the N contents 
because the annealing further increases their 
surface roughness by further promoting their 
graphitization [8,9,17]. 
 
Figure 7a shows the surface topography of the 
as-deposited taC:N thin with 0.5 sccm N2, on 
which very fine surface roughness can be found 
for its relatively smooth surface [19]. In 
addition, grain-shaped surface waviness can be 

found, which probably results from a variation 
in the film density caused by changes in sp2 and 
sp3 contents [19]. The taC:N thin film with a N2 
gas flow rate of 20 sccm has a different surface 
topography, on which protruded asperities 
above the surface can be clearly seen, as shown 
in Figure 7b, which are attributed to N 
aggregates and graphitic phases in addition to its 
lower film density with the higher number of sp2 
bonds [8,18,20]. 
 

 
                                                  (a) 

 
                                                  (b) 

Fig. 7. Surface topographies of taC:N thin films with 
N2 gas flow rates of (a and c) 0.5 sccm and (b and d) 
20 sccm (a and b) without or (c and d) with RTA at 
200 ˚C for 2 minutes. X = 0.2 µm/div, Z = 5 nm/div. 

 
Figure 8 demonstrates an increase in the critical 
load of as-deposited taC:N thin films, rising from 
445 mN to 477.4 mN (a 7.3% enhancement) as 
the N₂ gas flow rate escalates from 0.5 to 20 
sccm. The critical load, defined by a sudden 
fluctuation in tangential force due to abrupt 
adhesive failure between the film and substrate 
[18], reflects the mechanical stability threshold. 
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As thin films experience immediate 
mechanical failure at their critical load, the 
taC:N films in this study show no detectable 
scratch-induced damage along their tracks 
prior to reaching their critical load thresholds 
[21]. It clearly shows that their sp3 contents 
are high enough to possess high cohesive 
strength by forming their rigid sp3-bonded 
cross-linking structures and thereby to have a 
high resistance to scratch-induced damage 
during the scratching [21].  
 

 
Fig. 8. Critical loads of taC:N thin films without or 
with RTA at 200˚C for 2 minutes as a function of N2 
gas flow rate. 

 
The critical loads of the as-deposited taC:N thin 
films slightly increase with their increased N 
contents, indicating their increased adhesion 
strengths because the critical load results from 
an interfacial adhesion failure between the film 
and Si substrate. The elevated residual stress 
observed in taC films originates from the 
development of a structurally rigid, sp³-bonded 
cross-linking network, so the N doping 
degrades its network with the increased 
number of sp2 bonds, which have a lower 
coordination number than sp3 bonds, and N 
aggregates, reducing the residual stress in its C 
matrix [1,22]. It is known that sp2 bonds have 
shorter bond lengths than sp3 bonds, as the 
bond length of chains is shorter as compared to 
rings [1]. Besides, the bond length of C=N bonds 
is shorter than those of C-C and C=C bonds 
[1,22]. Therefore, the increased numbers of sp2 
bonds, C=N bonds, and aromatic rings in the 
amorphous carbon structures of the taC:N thin 
films with their increased N contents lead to 
their decreased residual stress via their 
structural relaxation and thereby their 
increased adhesion strength [2,22].   

In addition, annealing the taC:N thin film with 
0.5 sccm N2 gives rise to its 14.6% higher 
critical load of 510 mN compared to that of the 
as-deposited one with the same N2 gas flow 
rate, as shown in Figure 8. The critical load of 
the annealed taC:N thin film apparently 
increases to 663.6 mN (30.1% increase) for 
the increased N2 gas flow rate of 5 sccm, 
indicating that the small amount of N atoms in 
its C matrix greatly helps to improve its 
adhesion strength during the annealing [23]. 
However, there is a slowdown in its increased 
critical load when the N2 gas flow rate is 
increased by more than 5 sccm, so that its 
critical load of 717.8 mN at the N2 gas flow 
rate of 20 sccm is 8.2% higher than that of the 
one with 5 sccm N2. However, the critical load 
of the annealed taC:N thin film deposited with 
20 sccm N₂ exhibits a 50.4% increase relative 
to its as-deposited counterpart under identical 
N₂ flow conditions. It indicates that annealing 
the taC:N thin films effectively improves their 
interfacial adhesion strengths for all the N 
contents [6]. This enhancement is attributed to 
the annealing process facilitating an increase 
in sp²-hybridized carbon bonds within the 
taC:N matrix through thermally induced 
graphitization, which in turn degrades their 
sp3-bonded cross-linking networks and 
thereby lowers their residual stress, resulting 
in their improved adhesion strength [6]. As 
shown in Figure 8, the observed slowdown in 
the increased adhesion strength of the 
annealed taC:N thin films with an increased N 
content indicates their approaching saturation 
in their adhesion promotion [23-25]. 

 

 

Fig. 9. Scratch-induced damage morphology of as-
deposited taC:N thin film with a N2 gas flow rate of 
0.5 sccm observed at its critical load.  
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Figure 9 shows the scratch-induced damage 
morphology of the as-deposited taC:N thin film 
with 0.5 sccm N2 observed at its critical load, from 
which a removal of the broken film as a large 
platelet is found. In addition, small fragments are 
also found around the damaged area, which 
suggests that the interfacial adhesion strength of 
the taC:N thin film surpasses the cohesive strength 
of the underlying Si substrate, so that minute 
cracks initiated between the film and substrate at 
the critical load propagate along the film/substrate 
interface as well as into the subsurface of the Si 
substrate to some extent under progressive 
loading and eventually remove the film and 
substrate as fragments via their sudden brittle 
failures.   
 
4. CONCLUSION 
 
The FCVA deposition technique was used to 
produce the taC:N thin films with different N 
contents on the Si substrates. Subsequently, they 
were annealed at the optimized temperature of 
200˚C for 2 minutes to investigate the effects of 
RTA on their structure, surface roughness, and 
adhesion strength.  

• The increased graphitization of the taC:N thin 
films with their increased N contents or the 
annealing was found. The annealed taC:N thin 
films with higher N contents exhibit higher 
graphitization due to the combined effects of 
N- and annealing-induced graphitization. 

• The surface roughness of the taC:N thin films 
increased with their increased N contents or 
the annealing due to the increased numbers 
of sp2 bonds, N aggregates, and graphitic 
phases in their amorphous carbon structures. 
The annealed taC:N thin films had higher 
surface roughness than the as-deposited ones 
for all the N contents due to the annealing-
induced graphitization of their amorphous 
carbon structures. 

• The critical loads of the taC:N thin films 
increased with their increased N contents as 
a result of their promoted structural 
relaxation to decrease their residual stress, as 
further annealing them further improved 
their adhesion strength. A slowdown in the 
increased adhesion strength of the annealed 
taC:N thin films with their increased N 
contents was found when their N contents 
were more than 1.78 at.%.   

• In conclusion, the N content, or the annealing, 
had a significant effect on the structure, 
surface roughness, and adhesion strength of 
the taC:N thin films. 
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