
  Progress in Physics of Applied Materials 2 (2022) 139–146 

 

 
 

 

 
 

Semnan University 

Progress in Physics of Applied Materials 

journal homepage: https://ppam.semnan.ac.ir/  
 

* Corresponding author. Tel.: +98-9140104665 
E-mail address: r.zarei1991@gmail.com 
 

DOI: https://doi.org/10.22075/ppam.2022.29057.1043 
© 2022 The Author(s). Journal of Progress in Physics of Applied Materials published by Semnan University Press. This is an open access article under 
the CC-BY 4.0 license. (https://creativecommons.org/licenses/by/4.0/) 

Oxygen and nitrogen doped diamond-like carbon thin films: A 
comparative study 

R. Zarei Moghadam1*, M. Taherkhani2 
1Department of Physics, Faculty of Science, Arak University,38156-8 8349 Arak, Iran 
2Faculty of Physics, Semnan University, P.O. Box: 35195-363, Semnan, Iran 

A R T I C L E  I N F O  

 

A B S T R A C T  

Article history: 

Received: 20 November 2022 

Revised: 5 December 2022 

Accepted: 17 December 2022 

DLC films were deposited on Si substrates using direct ion beam deposition method, followed by 

investigating the influence of O2 and N2 doping on their electrical and structural properties. The films 

were doped with oxygen and nitrogen under flow rates of 5 and 40 sccm (standard cubic centimeters 

per minute). The structure of the films was studied by Raman spectroscopy.  Result showed that by 

increasing oxygen incorporation, sp2 content decreases, sp3 content increases, and the C-C bonding 

loses its order. As the size of the sp2-rich cluster increased with N2 content, the disorder in the DLC 

samples decreased, leading to a decrease in the FWHM of the G peak. The water contact angle 

measurement showed that an increase in oxygen flow ratio results in a decrease in contact angle from 

82.9° ± 2.1° to 50° ± 3°. With increasing nitrogen flow rate from 5 to 40, the contact angle of DLC thin 

films increased from 78° to 110°. 
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1. Introduction 

      Diamond-like carbon (DLC) has been the subject of 
intensive study for over 40 years [1]. DLC films have 
attracted the attention of many studies due to the 
combined properties of graphite and diamond, such as high 
water repellency and hardness, wear resistance, and good 
optical coefficient, among other features [1-5]. DLC film has 
unique properties such as large Young's modulus, high 
hardness, low coefficient of friction, high hydrophobicity, 
and chemical inertness [1]. DLC films have been used as 
protective storage devices, solar cell coatings, and wear 
reduction [2, 3]. There are various methods for the 
deposition of DLC films, such as pulsed laser deposition 
(PLD) [4], direct ion beam [1], plasma enhanced chemical 
vapor deposition (PECVD) [5], DC, and magnetron 
sputtering [6]. To improve properties such as stress, 
optical, mechanical, etc., many authors have studied the 
doping effects of DLC films with various elements such as 
O, Si, B, N, and Ag [7-11]. It has been reported that by 
incorporating nitrogen into DLC coatings, friction and 
internal layer stress can be reduced [12]. In DLC thin films, 
the mechanical properties, such as residual stress, mainly 
depend on the amount of sp3 bonding, which is mainly 
affected by the ion energy, and is equal to the growth and 
doping parameters [13, 14]. The residual stress in DLC thin 

films can be reduced through doping by various elements. 
Oxygen has been considered as an optical impurity element 
that has the ability to modify the surface properties of DLC 
films. [10]. An efficient polarization effect is predicted 
because of the high electronegativity of oxygen. 

Among various elements, nitrogen has been widely 
studied for use as a dopant in DLC thin films, which helps 
to reduce the stress of DLC thin films [15]. When nitrogen 
is incorporated into a thin layer of DLC, C-N groups are 
formed and act as electron acceptors due to their strong 
electron withdrawing ability [16]. Kopustinskas et al. 
prepared α-CNx:H layers by direct ion beam from C6H14 + 
H2 + N2 gas mixture on Si (100) substrate and observed 
that the refractive index, growth rate, and sp3 bonding 
decreased due to the increase of nitrogen in the gas 
mixture. found and mixture and found more graphite-like 
formation was present [17]. Tsuchiya et al reported the 
preparation of DLC films doped with nitrogen by PECVD 
technique by CH4, N2 and Ar gases on Si substrate and also 
investigated the effect of N2 composition on their 
structural, electrical, optical, and mechanical properties 
[18]. They described that the internal stress of the as-
prepared DLC samples (less than 0.5 GPa) reduced to less 
than 13.6% by N doping at N2 flow and the electrical 
resistivity (less than 10-2 Ω.cm) was reduced [18]. Hwang 
and his colleagues studied the effect of oxygen and 
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nitrogen contamination on the optical properties of 
diamond-like carbon layers [11]. The aim of this article is 
to achieve hydrophilic and hydrophobic thin layers by 
using oxygen and nitrogen gases. The main purpose of this 
work is to comprehensively compare the structural, 
electrical, and wettability properties of diamond-like 
carbon thin films. In the works of others, the comparison of 
oxygen and nitrogen gas doped has not been clearly 
studied. 
      In the present study, O-DLC and N-DLC films were 
deposited on Si substrates by direct ion beam at room 
temperature. This study reports the effect of O2 doped and 
N2 doped on the electrical resistance, hydrophobicity, and 
structural properties of the prepared DLC films. Raman 
analysis was used to investigate the structural properties 
of O-DLC and N-DLC samples. The internal stress was 
measured by calculating the curvature of the layers after 
deposition and by using the Estonian equation. Electrical 
resistivity (ρ) of O-DLC and N-DLC samples was measured 
using a four-point probe instrument.  

2. Experimental Details 

2.1. Deposition method 

In recent years, researchers have been interested in 
the development of deposition using increased particle 
flux for various applications such as space ion thrusters 
and plasma accelerators. Figure 1 shows a cross-sectional 
view of the source of the anode layer. As shown in this 
figure, the anode layer source consists of SmCo permanent 
magnet, gas inlet, inner and outer cathodes, magnet poles 
and anode with water channel cooling. The anode layer 
system was powered by DC power supply in voltage 
regulation mode. As an advantage, there is no electron 
source using this method, so gases such as oxygen, 
nitrogen or other reactive gases can be used. The gas is 
directly injected into a discharge channel. The suspension 
of electrons and the maintenance of a strong electric field 
in the discharge plasma both result from a strong 
magnetic field between the inner and outer poles. 

2.2. Deposition process 

N-DLC and O-DLC samples were prepared using an 
anode layer system by 150 sccm CH4 (high purity > 
99.999%) on glass and Si (100) substrates with a 
thickness of 2.05 mm and a diameter of 34.91 mm. These 
films were kept at room temperature. Si (100) substrates 
were cleaned in an ultrasonic bath with acetone and, then, 
dried by high purity N2 gas (purity 99.999%). Substrates 
were fixed on a stationary holder approximately 15 cm 
away  from the ion source. DLC thin films were doped with 
oxygen flow rates (5 and 40 sccm) and nitrogen flow rates 
(5 and 40 sccm). The samples were named as O5-DLC, O40-
DLC, N5-DLC and N40-DLC. For methane deposition, a 
discharge voltage of 1 kV was applied between the 
cathode and anode of the ion gun. For all processes, the 
pressure in the vacuum system was 6×10-6 mbar and the 
pressure during the deposition process was 3×10-3 mbar.  

The structural properties of the DLC samples were also 
investigated by Raman analysis (Tacram P50C0R10 

model, excitation wavelength 532 nm). The internal stress 
was calculated according to the Stoney equation from the 
radius of curvature of the layers measured by the optical 
interferometry. The hydrophobic properties of DLC thin 
films were measured by a tilting plate stand, CCD-video 
microscope and prism, and the images were analyzed 
using Digimizer software.  

3. Results and discussion 

3.1. Raman characterization 

      Raman spectroscopy technique was used to analyze the 
structural properties of DLC films. Raman analysis is a 
standard, non-destructive tool for characterizing DLC 
bond nature and microstructural information [19]. Raman 
peaks of DLC films were fitted by two Gaussian line 
shapes. The broad Raman peak of DLC films is usually an 
overlap of two peaks: 1. D (disorder) peak around 
wavenumber of 1370 cm-1 and 2. G (graphite) peak 
around wavenumber of 1500-1650 cm-1. D peak is a 
breathing mode of symmetry phonons arising from sp2 
carbon atoms in the ring. This mode is only activated in 
disorder and its peak intensity is strongly related to the 
presence of a sixfold aromatic ring [20]. The G peak 
originates from the stretching vibration of each sp2 site 
pair in both the ring and the chain [21]. From the fitting of 
the Raman spectra, the position of the G peak, the ratio of 
the intensity of the D peak to the G peak (ID/IG), and the 
full width at half maximum (FWHM) of the G peak can be 
extracted. Figure 2 shows the fit of the two Gaussian peaks 
of the O5-DLC and O40-DLC samples. Basically, we can see 
the movement of peak G to higher values and the increase 
of intensity of peak D with the increase of O2 gas flow rate 
in the figure. The FWHM values of G peak of O5-DLC and 
O40-DLC samples were estimated to be 192 and 114 cm-1, 
respectively. The FWHM of D peak values of O5-DLC and 
O40-DLC samples were estimated to be 186 and 120 cm-1, 
respectively. The values of G peak position of O5-DLC and 
O40-DLC samples were estimated to be 1530 and 1586 cm-

1, respectively. The values of D peak position of O5-DLC 
and O40-DLC samples were estimated to be 1298 and 1376 
cm-1, respectively. The values of the ID/IG ratio of O5-DLC 
and O40-DLC samples were estimated to be 0.55 and 1.17, 
respectively. If the oxygen concentration is higher, for 
example, O40-DLC samples, the ID/IG ratio and G peak 
position increase again and the FWHM (G) decreases, 
indicating sp2 cluster ordering. FWHM is a measure of the 
bond length disorder, and the ID/IG ratio is the size of the 
sp2 phase organized in the rings. A decrease in ID/IG ratio 
means an increase in sp3 content. A large FWHM value 
indicates disorder due to a larger bond angle and length 
[22]. FWHM and G peak position of O-DLC samples versus 
O2 gas flow rate are shown in Figure 3. These results show 
that with an increase in oxygen incorporation, the sp2 
content decreases while C-C and sp3 bond disorders 
increase the content [23]. In this regard, the increase in 
the G peak position and the ID/IG ratio indicates the order 
of the sp2 clusters [24]. The chain-like sites have more C-H 
bonds compared to the aromatic sites. Hence, as the O2 
content of DLC films increases, the hydrogen content of 
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the films decreases. Dwivede et al. [25] reported that the 
ID/IG ratio, G peak position, and sp2 clustering decreased 

with increasing plasma O2 in DLC films. McKindra et al  

 
Fig. 1. Schematic of the source of the anode layer and the working principle. 
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Fig. 2. Fitted two Gaussian peaks for the O5-DLC, O40-DLC, N5-DLC, and N40-DLC samples. 

 
[26] deposited O2-doped films using magnetron sputtering 
and reported a decrease in ID/IG ratio followed by an 
increase in O2 content. 
      Fig. 2 shows the fitting of the two Gaussian peaks of the 
N5-DLC and N40-DLC thin films. Basically, it is possible to 

see the movement of peak G to higher values and the 
increase of intensity of peak D with increasing N2 gas flow 
rate in the figure. The position of G peak and FWHM of  
 
DLC samples versus N2 gas flow rate are shown in Figure 
3. It can be seen from the figure that with the increase of 
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N2 content, the position of the G peak is shifted to higher 
wave numbers. DLC thin films were also observed to 
become graphitized, which could be due to the growth and 
formation of sp2 clusters [27]. These behaviors were 

related to the structural arrangement of DLC samples [28]. 
Lee et al. [28] reported that the position of the G peak 
shifted to higher intensities with increasing N2 content.  
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Fig. 3. FWHM and G peak position of the O5-DLC, O40-DLC, N5-DLC, and N40-DLC films. 

 
Tsuchiya et al [18] prepared N-doped DLC films by PECVD 
technique and studied the effects of N content on the 
structural properties. They showed that the G peak shifted 
to higher wavenumbers with increasing N2 content, which 
could be due to the structural order of the DLC films. As 
the N2 content increased, the FWHM of the G peak shifted 
to a lower wavenumber. As the size of the sp2-rich cluster 
increased with N2 content, the disorder in the DLC 
samples decreased, leading to a decrease in the FWHM of 
the G peak [29]. Polaki et al. [29] reported that DLC 
samples were deposited on a Si (100) as a function of N2 
content by the PECVD technique. They showed the 
graphitic structure in the DLC samples with increasing N2 
flow rate. 

3.2. Evaluation of internal stress 

To calculate the internal stress of all the samples, a 
glass slide (diameter 34.91 mm and thickness 2.05 mm) 
was chosen. The internal stress was measured by 
calculating the curvature of the film after deposition on 

one side through Stoneyʼs relation [30]: 
 

𝜎 =
𝐸𝑠

6(1−𝜈𝑠)
(
𝑡𝑠
2

𝑡𝑓
) (

1

𝑅2
−

1

𝑅1
)  (1) 

 
Where σ is the internal stress, 𝜈𝑠 is the substrate 

Poisson’s ratio, 𝐸𝑠 is the substrate, Young modulus, R1  and 
R2 are the substrate curvatures before and after 
deposition, ts and tf are the thicknesses of substrate and 
film, respectively. The adopted values for the glass 
substrate constants (𝜈𝑠=0.22, 𝐸𝑠=1.03×1010 Nm-2) were 
taken from Zou et al. [31]. The internal stress of O-DLC 
and N-DLC samples was calculated by the stress induced 
from the interferometric surface profiler. The radius (R) of 
the substrates before and after the deposition was 

calculated using the observation of Newtonʼs rings 
method by the optical interferometry. The radius of the 
substrate curvature was determined through the 
following equation [32]: 

 

𝑅 =
𝑑𝑚
2

4𝑚𝜆
                     (m=1, 2, 3, …) (2) 

 
 
 

Where dm is the mth dark interference fringe diameter and 
𝜆 is the wavelength of the light (𝜆=589.3 nm).  

As the oxygen flow rate increased from 0 to 40 sccm, 
the internal stress decreased from 2.7 to 0.11 GPa. The 
mechanical properties of DLC thin films depend on the 
sp2/sp3 fraction and H content in the film structure [33, 
34]. DLC (a-C:H) films have been reported to contain both 
sp2 and sp3 sites, and the sp2 sites segregate into clusters 
embedded in an sp3 band matrix [35]. Increasing the 
hydrogen content in the DLC film structure breaks sp3 C-C 
bonds, which are bonding clusters, and aromatic sp2 C=C, 
which are inside the clusters. When sp3 C-C bonds are 
broken and sp3 C-H bonds are formed, a discontinuity is 
created in the network of the films, and then their residual 
stress decreases. 

As the N2 content increased from 5 to 40 sccm, the 
internal stress decreased from 1.63 to 0.58 GPa. Silva et al 
reported similar results for N-DLC thin films [36]. Three 
important factors were the reduction of internal stress, 
the increase of sp2-C bonds [37], the distortion of the bond 
angle and the increase of induced ad-atom mobility [38]. 
Raman analysis confirmed that incorporation of N2 into 
DLC films increased the amount of sp2 hybridized atoms. 
In addition, the incorporation of N2 reduced the 
coordination number of the films, which in turn reduced 
the degree of over-confinement in the N-DLC samples; 
therefore, it reduced the stress [39]. In addition, with the 
incorporation of N2, C≡N bonds were formed, which 
resulted in a weak network between the internal stress of 
N-DLC samples [40]. 

3.3. Electrical resistivity  

In the present research, the electrical resistance (ρ) of 
O-DLC and N-DLC samples was measured using equation 
(3) [41] with the help of a four-point probe tool. For this 
purpose, Rs, which is calculated from the I-V characteristic 
curve, was taken into account. 
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Where t is the thickness of O-DLC and N-DLC films. 

Figure 4 shows the change in electrical resistance as a 
function of oxygen flow rate. As can be seen, increasing 
the oxygen flow rate causes a significant increase in the 
electrical resistance of O-DLC films. Electrical resistance 
depends on carrier density, cluster size, and mobility [42]. 
ID/IG ratio and cluster size increase as the number of loops 
per cluster increases and the number of π states per 
cluster decreases. It may be inferred that the increase in 
electrical resistance is due to the decrease in the number 
of π states in each cluster [42]. Replace by Zarei 
Moghadam et al. [41] reported that the increase in 
electrical resistance could be related to the increase in the 
fraction of sp2 bonds or the crystallization of DLC films. 
Some authors believe that the Formation of C-H bonds can 
significantly influence the electrical resistance of DLC 
films [43, 44]. DLC film resistance for O5-DLC to O40-DLC 
samples increased from 0.83×102 to 1×105 Ohm/cm. This 
can be explained by the fact that high-energy ion 
bombardment on the surface of the growing films is one of 
the main parameters that control the ad-atom mobility on 
the film surface and thus their structure. Therefore, the 
plasma self-bias changes with increasing oxygen flow rate, 
so that changing the oxygen flow rate can change the 
energy of the ions bombarding the film surface. 

As shown in Fig. 4, the resistivity of the DLC films 
decreased significantly from 3.7 × 104 Ω·cm to 0.83 × 103 
Ω·cm under a low nitrogen flow rate of 5 sccm, and a 
further increase in the nitrogen flow rate to 40 sccm led to 
a slight decrease of the film resistivity. Two main reasons 
for the decrease in resistivity have been suggested: (1) the 
increase in sp2 content, i.e., graphitization by N doping in 
DLC films, led to a decrease in electrical resistivity. (2) As 
mentioned above, incorporated N reduces the band gap 
[45] and also acts as a good electron donor in DLC films to 
reduce resistance, which is also reported in the literature 
[46]. On the other hand, nitrogen can form essentially 
three possible aromatic compounds with carbon. The first 
is substitution into a six-membered ring, which results in 
three σ bonds to three carbon atoms. 

3.4. Surface contact angle  

      A microscope equipped with CCD-video was used to 
measure the surface contact angle of O-DLC and N-DLC 
samples, a tiltable plate stand and a prism. The images 
taken by this method were analyzed by Digimizer 
software. Figure 5 shows the dependence of oxygen flow 
rate on water contact angle for O5-DLC and O40-DLC 
samples. The results showed that with increasing oxygen 
flow rate, the contact angle of O-DLC water decreased 
from 82.9±2.1° to 50±3°. The boundary between 
hydrophilicity and hydrophobicity is the contact angle of 
65° [47]. The hydrophilicity of DLC films is sensitive to the 
sp2/sp3 bonding ratio on the surface [48]. Reports by 
others show that sp2-rich surfaces exhibit higher contact 
angles than sp3-rich surfaces [49, 50]. Reducing the 
contact angle of water is the result of increasing the 
surface energy. The incorporation of oxygen into the film 
structure led to an increase in surface energy and thus 
wettability. Surface energy consists of two important 
components, i.e., dispersion and polar components. The 
polar component represents surface interactions that are 
related to dipoles, while the diffuse component represents 
surface interactions that are based on temporal changes in 
the electron density. Π-bonding electrons of sp2 carbon 
sites and dangling bonding electrons have a higher 
potential for polarization than σ-bonding electrons of sp3 
carbon sites. Therefore, the polar component of the 
surface energy of oxygen-doped films increases with 
increasing incorporation of oxygen into the film structure. 
Π-bonding electrons of sp2 carbon sites and dangling 
bonding electrons have a higher potential for polarization 
than σ-bonding electrons of sp3 carbon sites. Therefore, 
the polar component of the surface energy of oxygen-
doped layers increases with the increase of oxygen 
incorporation into the film structure. Figure 5 shows the 
contact angle results of N5- DLC and N40- DLC films. With 
increasing nitrogen flow rate from 5 to 40, the contact 
angle of DLC thin films increased from 78° to 110°. 
Therefore, in our opinion, the enhancement of contact 
angle of DLC thin films upon increasing nitrogen flow rate 
may be attributed to the increase of sp2 carbon clustering 
and ordering of sp2 clusters and sp2 content, as shown by 
Raman studies. 
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Fig. 4. The variation of electrical resistivity as a function of the oxygen flow rate. 

 

 
Fig. 5. The contact angle results of O5- DLC, O40- DLC, N5- DLC and N40- DLC films. 

 
 

4. Conclusion 

In this article, the comparison of electrical, structural, 
and hydrophobic properties of diamond-like carbon layers 
doped with oxygen and nitrogen was made. N-DLC and O-
DLC samples were prepared using an anode layer system. 
The electrical resistivity of O-DLC films significantly 
reduced upon increasing the oxygen flow rate. By an 
increase in the oxygen content from 0 to 40 sccm, the 
internal stress decreased from 2.7 to 0.11 GPa. With 
increasing nitrogen flow rate (from 5 to 40 sccm) the 
internal stress of the deposited samples were decreased 
from 1.63 to 0.58 GPa. The water contact angle of O-DLC 
was found to decrease from 82.9°±2.1° to 50°±3° with the 
increase in oxygen flow rate. With increasing nitrogen 
flow rate from 5 to 40, the contact angle of DLC thin films 
increased from 78° to 110°. By doping nitrogen and 

oxygen, we showed that hydrophobic and hydrophilic 
layers can be produced by doping diamond-like carbon 
layer without any significant change in the morphology. 
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