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Graphene nanocrystallite embedded carbon nitride (GNECN) coatings were fabricated with the mirror conﬁnement electron cyclotron resonance (MCECR) plasma sputtering system under low energy electron irradiation
at various N2/Ar ratios. N2/Ar ratio was clariﬁed to be an eﬀective deposition parameter for tailoring the
composition and structure of the GNECN coatings. It was observed that the deposition rate, N/C atomic ratio,
internal stress, surface roughness, and scratch depth of the prepared GNECN coatings change greatly with the
increasing N2/Ar ratio from 1/11 to 1/3. Graphene nanocrystallite was clearly identiﬁed in the amorphous
carbon nitride structure from the analyses of TEM, XPS, and Raman spectroscopy. Moreover, the friction behavior of the GNECN coatings sliding against Si3N4 balls in both ambient air and N2 gas stream showed less
dependency on the N2/Ar ratio. Speciﬁcally, high friction coeﬃcients ranging from 0.10 to 0.15 were obtained in
ambient air, whereas, stable and low friction coeﬃcients of < 0.05 were achieved in N2 gas stream. Optical
images and Raman spectra of the worn surfaces on the Si3N4 balls and GNECN coatings suggested that a
homogeneous triboﬁlm on the mating ball surface together with the generation and evolution of the nano-size
graphene structure in the GNECN coating are the key points in achieving stable and low friction coeﬃcients
of < 0.05 of the GNECN coatings in N2 gas stream. Finally, it was argued that the combination of low energy
electron irradiation and nitrogen atom incorporation in the MCECR plasma sputtering system results in the
embedding of soft graphene nanocrystallites into hard carbon nitride matrix, providing a beneﬁcial architecture
for achieving stable and low friction coeﬃcients of GNECN coatings in N2 gas stream.

1. Introduction
Carbon nitride coatings have drawn numerous attentions in the last
two decades since the prediction of crystalline β-C3N4 structure with a
bulk modulus and hardness comparable or even superior to that of
diamond [1]. Tremendous eﬀorts have been devoted to the synthesis of
carbon nitride coatings with various types of deposition techniques,
such as direct current magnetron sputtering (DCMS) [2,3], high power
impulse magnetron sputtering (HiPIMS) [4], plasma enhanced chemical
vapor deposition (PECVD) [5], femtosecond pulsed laser deposition (fsPLD) [6], and ion beam assisted deposition (IBAD) [7,8].
To date, the so obtained carbon nitride coatings are amorphous
mixtures of carbon and carbon nitride phases together with a maximum
nitrogen atomic concentration of less than the theoretical value of
57 at.% [9,10]. However, amorphous carbon nitride coatings with a
desirable combination of mechanical (high hardness) and tribological
properties (low friction coeﬃcient and high wear resistance) have made
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them good candidates as hard- and wear- protective coatings in demanding tribological applications [11–15]. Moreover, the formation of
local layered or crystalline structures in the amorphous carbon nitride
coatings could tailor the mechanical, chemical, electrical, and even
optical properties of the coatings, e.g. fullerene-like structure could
improve the resiliency, friction, and wear behavior of fullerene-like
carbon nitride coatings (FL-CNx) [4,16,17], graphitic layered structure
could improve the catalytic and optoelectronic properties of graphitic
carbon nitride coatings (g-CN or g-C3N4) [18,19].
Recently, graphene materials have attracted considerable interest in
advanced tribological ﬁelds due to their outstanding performances in
reducing friction and wear of contact materials from nanoscale to microscale [20–26]. According to our previous research, the graphene
sheets are incorporated into amorphous carbon structure thanks to the
customized electron cyclotron resonance (ECR) sputtering system,
which is beneﬁcial for achieving stable and low friction coeﬃcients of
amorphous carbon coatings when running against Si3N4 balls in
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traditional bending beam method, in which the central deformation
was measured from the surface proﬁlometer [33–35]. The surface
morphologies and scratch behaviors of the GNECN coatings were
evaluated by an atomic force microscope (AFM, Dimension Edge,
Bruker) under peak force tapping mode and contact mode with a scan
area of 5 μm × 5 μm, respectively. In case of surface morphology, a
probe (SCANASYST-Air, Bruker) with a tip radius of 2 nm was employed to derive the arithmetic mean surface roughness (Ra) of the
coating. Whereas, for the scratch behavior, a probe (DNISP, Bruker)
with a diamond tip and tip radius of 40 nm was applied to scratch the
specimen three times at a normal load of 120 μN and scratch length of
2 μm, and then the cross-sectional topographies of the scratch tracks
were examined to calculate the average scratch depths, which represents the nano-scratch resistance of the coatings.
The featured microstructures of the as-prepared GNECN coatings
were investigated on a high resolution transmission electron microscope (HRTEM, Tecnai G2 F30, FEI) at an accelerating voltage of 300 kV
with a point-to-point resolution of 0.205 nm. TEM specimen for the
plan view was prepared by scratching the coating surface with a diamond tip pen and collecting the delaminated ﬂakes onto a copper microscope grid. The chemical composition and bonding conﬁguration of
GNECN coatings were analyzed using an X-ray photoelectron spectroscope (XPS, Axis Ultra DLD, Kratos) with a monochromatic Al Kα
(photo energy of 1486.6 eV) X-ray source. The relative atomic concentrations of carbon, nitrogen, and oxygen elements in GNECN coatings were determined taking into account the atomic sensitivity factors
and area ratios of the C1s, N1s, and O1s peaks in XPS spectra of the
coatings. The bonding structure information of the GNECN coating was
also obtained via a Raman spectroscope (LabRAM HR Evolution,
Horiba) with a 532 nm Ar-ion laser as the excitation source at a detecting range from 800 to 3500 cm− 1. Laser power was chosen carefully to avoid any possible heating damage on the specimen surface.

Table 1
Deposition conditions of GNECN coatings.
Deposition parameters

Value

Working pressure (Pa)
N2 gas ﬂow ratio (sccm)
Ar gas ﬂow ratio (sccm)
Microwave power (W)
Target bias voltage (V)
Substrate bias voltage (V)

0.04
0.3, 0.4, 0.6, 0.9
3.3, 3.2, 3.0, 2.7
500
-500
+ 20

ambient air [27,28]. Therefore, in this study, amorphous carbon nitride
coatings with embedded graphene nanocrystallites are fabricated using
the ECR sputtering system with the objective to achieve stable and low
friction coeﬃcients of the amorphous carbon nitride coatings. Furthermore, the low friction mechanism of the amorphous carbon nitride
coatings will be discussed from the viewpoint of composition and
structural changes on the worn surfaces.
2. Experimental details
2.1. Coating deposition
Graphene nanocrystallite embedded carbon nitride (GNECN)
coating in this study was deposited onto a p-type 100-oriented single
crystal silicon substrate (thickness of 525 ± 25 μm) by utilizing a
customized mirror conﬁnement electron cyclotron resonance (MCECR)
plasma sputtering system, in which the low energy electron irradiation
technique was introduced to facilitate the formation of graphene nanocrystallites in the coating [29–32]. Table 1 shows the deposition
conditions of GNECN coatings. Speciﬁcally, MCECR plasma was generated when a 2.45 GHz microwave with a power of 500 W was employed and a magnetic ﬁeld was applied to the vacuum chamber. Before
deposition, the vacuum chamber was ﬁrst evacuated to a background
pressure of < 1.0 × 10− 4 Pa using an air cooled dry pump (NeoDry15E, Kashiyama) and a compound molecular pump (TG450FVAB,
Osaka Vacuum), and then a working pressure of 4 × 10− 2 Pa was
controlled in the following process. The silicon substrate was treated
with argon plasma sputtering for 3 min under a DC bias voltage of
− 50 V in order to eliminate the native oxide layer on the silicon surface. Afterwards, the carbon target was sputter-cleaned for 3 min to
achieve a stable target bias voltage of − 500 V. Subsequently, the deposition of GNECN coating was carried out in a ﬂowing mixed gas of
argon and nitrogen gas atmosphere. The N2/Ar ratios of gas mixture
used in the experiment were 1/11 (0.3 sccm and 3.3 sccm), 1/8
(0.4 sccm and 3.2 sccm), 1/5 (0.6 sccm and 3.0 sccm), and 1/3 (0.9
sccm and 2.7 sccm), respectively. Particularly, 1/11 was the minimum
value of the N2/Ar ratio according to the equipment limitation.
Whereas, 1/3 was the maximum value of the N2/Ar ratio, beyond which
a strong reaction between nitrogen gas molecules and carbon atoms
occurred (i.e. re-sputtering or etching eﬀect) and caused an extremely
low deposition rate of the coatings. A positive DC substrate bias voltage
of + 20 V was applied during the deposition to realize a low energy
electron irradiation on the substrate. Two series of GNECN coatings
were prepared in this study; one was deposited for 30 min to standardize the deposition rate and the other was deposited to a thickness of
approximately 200 nm to prevent potential thickness eﬀect on the
structural and tribological performances of the GNECN coatings.

2.3. Tribological characterization
Frictional behavior of GNECN coatings were evaluated using a
home-built ball-on-disk apparatus which consisted of a rotating disk
sliding against a stationary ball at room temperature with a relative
humidity of 50–60%RH. Friction tests were carried out both in ambient
air as well as in nitrogen gas stream, where dry nitrogen gas was blown
to the contact interface with a gas tube (diameter of 6.35 mm) under a
ﬁxed gas ﬂow rate of 2.0 L/min. The relative humidity around the
contact point of the sliding interface is < 5%RH. This kind of nitrogen
gas supply technique has been adopted by several researchers to carry
out friction test in dry N2 gas environment [12,13,15,34]. The GNECN
coating deposited on silicon substrate with dimensions of
25 mm × 25 mm was mounted on a glass plate using a double sided
tape and placed in sliding contact against a counterface made of
6.35 mm diameter Si3N4 ball (Ra of 50 nm) on which a normal load of
1.0 N was applied (corresponding to a maximum contact Hertzian
pressure of approximately 650 MPa). The wear track diameter on the
disk was set to 3 mm, which corresponded to a sliding velocity of
28.3 mm/s at ﬁxed rotary speed of 180 rpm. Each friction test ran for
5000 cycles. The normal load and frictional force exerted on the ball
were continuously detected by two sets of strain gauges (KFG-5-120-C116, Kyowa). The strain gauge output voltage was measured by a strain
ampliﬁer (DPM-951A, Kyowa) and recorded by a data collecting system
(NR-500, Keyence) via a personal computer with a sampling frequency
of 5 Hz. The worn surfaces on the Si3N4 balls and the GNECN coatings
were observed with an optical microscope (LV-150N, Nikon) as well as
with a Raman spectroscope.

2.2. Coating characterization
A surface proﬁlometer (Dektak-XT, Bruker) was used to measure the
thickness of the as-deposited GNECN coatings with the introduction of a
step formed by a shadow mask. The deposition rate of GNECN coating
was directly calculated from the coating thickness. The residual stress
was calculated according to the Stoney equation based on the
154
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Fig. 2. A typical HRTEM plan view image of GNECN coating prepared at N2/Ar ratio of 1/
11.

Fig. 1. A typical XPS wide scan spectrum of GNECN coating prepared at N2/Ar ratio of 1/
11.

3. Results and discussion
3.1. Composition and structure of GNECN coatings
Fig. 1 shows a typical XPS wide scan spectrum of GNECN coating
prepared at N2/Ar ratio of 1/11. The presence of nitrogen peak (N1s) in
the spectrum clearly implied that nitrogen atom is successfully incorporated into carbon structure. Additionally, the presence of oxygen
atom might result from contamination of the ECR vacuum chamber,
and/or surface contamination during the exposure of specimen in the
open air [36,37]. The relative atomic concentration of carbon, nitrogen,
and oxygen elements in the GNECN coating was calculated to be 82.6%,
13.8%, and 3.6%, respectively. The evolution of the nitrogen atomic
concentration in the GNECN coating was presented with N/C atomic
ratio, as shown in Table 2. It can be seen that the N/C atomic ratio
increases from 0.17 to 0.25 with the increase of N2/Ar ratio from 1/11
to 1/3. The maximum value of 0.25 was considerably lower than the
theoretical value of 1.33 in the crystalline β-C3N4. Hence, the carbon
nitride in the GNECN coating remained an amorphous structure. Fig. 2
illustrates the HRTEM plan view image of GNECN coating fabricated at
N2/Ar ratio of 1/11. In comparison with the TEM images of the graphene sheets embedded carbon (GSEC) coatings prepared in our previous researches [27–32] together with the Raman spectra of the
GNECN coatings (shown in Fig. 6), it can be seen that graphene nanocrystallites with a size of approximately 1–2 nm are randomly dispersed in the amorphous carbon nitride matrix. The distance between
two graphene sheets is around 0.34 nm.
The eﬀect of N2/Ar ratio on the deposition rate, residual stress,
surface roughness, and scratch depth of GNECN coatings is shown in
Table 2. It was obviously observed that the deposition rate decreases
greatly from 3.7 to 2.1 nm/min with increasing N2/Ar ratio from 1/11
to 1/3. Similarly, the residual stress of GNECN coatings reduced gradually from 1.14 to 0.80 GPa with the increase of N2/Ar ratio from 1/11

Fig. 3. AFM 3D image of GNECN coating prepared at N2/Ar ratio of 1/3.

to 1/3. Fig. 3 shows a typical AFM 3D image of GNECN coating prepared at N2/Ar ratio of 1/3. The arithmetic mean surface roughness
(Ra) of the smooth GNECN coating was calculated to be 0.14 nm,
slightly higher than the surface roughness of a polished Si substrate
(around 0.08 nm). The surface roughness of GNECN coatings decreased
from 0.22 to 0.14 nm with the increase of N2/Ar ratio from 1/11 to 1/3.
Fig. 4b presents a typical example of the cross-sectional topography
across the scratch track (shown in Fig. 4a) of GNECN coating prepared
at N2/Ar ratio of 1/3 after the nanoscratch test. Consequently, the
scratch depth of the GNECN coating was calculated to be 6.7 nm, more
than twice of the scratch depth of Si substrate with a value of 2.7 nm.
The scratch depth of GNECN coatings increased from 1.9 to 6.7 nm with
the increase of N2/Ar ratio from 1/11 to 1/3, suggesting a signiﬁcant
decrease of the nano-scratch resistance of the GNECN coatings.
To better understand the microstructural evolution as a function of
N2/Ar ratio and its correlation to the XPS and Raman spectra, GNECN
coatings were analyzed with both XPS and Raman spectroscopy.
Typical C1s and N1s core level spectra and the corresponding ﬁtted
Gaussian curves of GNECN coating prepared at N2/Ar ratio of 1/11 are
shown in Fig. 5a and b, respectively. The deconvoluted C1s spectrum
consisted of three peaks located at binding energies of 284.7 eV,
285.5 eV, and 287.0 eV, which were attributed to sp2 C]C and C]N,
sp3 CeC and CeN, and CeO bonds, respectively [38–40]. Whereas, the
deconvoluted N1s spectrum consisted of four peaks located at binding
energies of 398.2 eV, 399.4 eV, 400.7 eV, and 401.3 eV, which were
attributed to sp3 CeN, C^N, sp2 C]N, and NeO bonds, respectively
[41–43]. The variation of C1s sp3/sp2 and N1s sp3/sp2 with N2/Ar ratio
is provided in Table 3. The percentage of sp3 bonding was slightly
higher than that of sp2 bonding in the GNECN coatings. It was clearly
shown that C1s sp3/sp2 increases and N1s sp3/sp2 decreases with the

Table 2
The N/C atomic ratio, deposition rate, residual stress, surface roughness, and scratch
depth of GNECN coatings.
N2/Ar
ratio

N/C
atomic
ratio

Deposition rate
(nm/min)

Residual
stress (GPa)

Surface
roughness
(nm)

Scratch
depth (nm)

1/11
1/8
1/5
1/3

0.17
0.21
0.22
0.25

3.7
3.4
3.0
2.1

1.14
0.98
0.95
0.80

0.22
0.17
0.16
0.14

1.9
3.3
3.7
6.7
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Fig. 4. (a) AFM 2D image of the scratch tracks and (b) cross-sectional topography across
the scratch track of GNECN coating prepared at N2/Ar ratio of 1/3. The scratch result of Si
substrate is also shown for reference.

Fig. 5. Typical (a) C1s and (b) N1s core level spectra and the corresponding ﬁtted
Gaussian curves of GNECN coating prepared at N2/Ar ratio of 1/11.

increasing N2/Ar ratio from 1/11 to 1/3.
The Raman spectra and typical ﬁtting curves of GNECN coatings are
shown in Fig. 6. Each spectrum consisted of a D band and G band located at around 1350 and 1590 cm− 1, respectively. Besides, a broad
band located around 2800 cm− 1 instead of an individual 2D band was
observed. The Raman spectrum ranging from 900 to 1800 cm− 1 was
proﬁle-ﬁtted with a Lorentzian function for D peak located at Raman
shift of around 1350 cm− 1, a Breite-Wignere-Fano (BWF) function for
G peak located at Raman shift of around 1590 cm− 1, accompanied with
a linear function for background subtraction [34,35]. The corresponding ﬁtting results, such as D peak position, G peak position, and
peak intensity ratio of D peak to G peak (I(D)/I(G)) are listed in Table 3.
Speciﬁcally, the shift of the D peak and G peak position could hardly be
observed with the variation of N2/Ar ratio. However, the I(D)/I(G)
decreased from 1.29 to 1.07 with the increase of N2/Ar ratio from 1/11
to 1/3, suggesting an increase of sp3 carbon bonding in the GNECN
coatings. In summary of the Raman and XPS analyses, it was concluded
that sp3 carbon bonding increases and sp3 nitrogen bonding decreases
in the GNECN coatings with the increase of N2/Ar ratio from 1/11 to 1/
3.
In summary, graphene nanocrystallites with size of approximately
1–2 nm were successfully embedded into an amorphous carbon nitride
matrix with the introduction of electron irradiation in an MCECR
plasma sputtering system. N2/Ar ratio was found to be an eﬀective
deposition parameter for tailoring the composition and structural

Table 3
The ﬁtting results for XPS and Raman spectra of GNECN coatings.
N2/Ar
ratio

C1s sp3/
sp2

N1s sp3/
sp2

D peak
(cm− 1)

G peak
(cm− 1)

I(D)/I(G)

1/11
1/8
1/5
1/3

0.91
1.09
1.02
1.12

1.23
1.09
1.11
0.97

1359
1357
1352
1352

1595
1590
1588
1590

1.29
1.17
1.07
1.07

properties of GNECN coatings, which is in good agreement with the
previous studies [34,44,45]. On one hand, the increase of N2/Ar ratio in
the working gas generally leads to an increased deposition rate of
graphite due to a higher sputtering yield of carbon by nitrogen compared with that of argon [34,46,47]. However, the re-sputtering and/or
etching of the coating by nitrogen and argon ions in ECR plasma system
was substantially stronger than those in CVD and PVD system, thus the
maximum value of N2/Ar ratio was limited to an extremely low value of
1/3 compared with 10 in a hybrid PVD-CVD system [34]. Therefore, the
deposition rate of GNECN coatings decreased greatly with the increase
of N2/Ar ratio. Moreover, the increase of nitrogen species in the
working gas caused higher incorporation of nitrogen atoms into the
coatings, resulting in an increase of the N/C atomic ratio in GNECN
coatings with the increase of N2/Ar ratio. The increase in N/C atomic
ratio caused a decreased residual stress, which is consistent with our
156
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Fig. 8. Average friction coeﬃcients of GNECN coatings prepared at various N2/Ar ratios
when sliding against Si3N4 ball in ambient air and N2 gas stream.

Fig. 6. Raman spectra and typical proﬁle-ﬁtting of Raman spectrum of GNECN coatings
prepared at various N2/Ar ratios.

observed that the friction coeﬃcient in N2 gas stream is deﬁnitely lower
than that in ambient air. Speciﬁcally, the friction coeﬃcient in ambient
air increased continuously from 0.10 to 0.15 after 1000 cycles, thereafter, the friction coeﬃcient maintained a steady value of around 0.15.
On the contrary, the friction coeﬃcient in N2 gas stream decreased
rapidly in the initial running-in stage for 500 cycles, and then it reached
a relative stable value of lower than 0.05 (around one-third of the value
observed in the ambient air) for the reminder of the sliding test. Similar
friction behaviors were obtained for GNECN coatings prepared under
other N2/Ar ratios.
The average friction coeﬃcients and corresponding standard deviations of GNECN coatings running against Si3N4 balls both in ambient
air and N2 gas stream are shown in Fig. 8. These values were evaluated
by averaging the friction coeﬃcients at the ﬁnal 1000 cycles (i.e. 4000
to 5000 cycles) in each friction test. The average friction coeﬃcients of
GNECN coatings demonstrated less dependency on the N2/Ar ratio.
Speciﬁcally, they varied between 0.10 and 0.15 in ambient air and
stabilized around 0.05 in N2 gas stream. The lowest and highest friction
coeﬃcients of 0.031 ± 0.011 and 0.148 ± 0.006 were obtained for
the GNECN coating deposited at N2/Ar ratio of 1/8 in N2 gas stream and
ambient air, respectively.
To elucidate the low friction mechanisms of the GNECN coatings
under N2 gas stream from the viewpoint of the composition and
structural changes on the contact interfaces. The worn surfaces on both
the Si3N4 balls and the GNECN coated Si substrates after 5000 cycles
sliding tests were observed and investigated by an optical microscope as
well as Raman spectroscopy.

previous studies [34,35]. Similarly, the surface roughness of GNECN
coatings decreased due to the strong sputtering action under the impingement of nitrogen ions. Hence, a relatively smooth GNECN coating
was obtained compared with a rough GSEC coating (e.g. Ra = 2–26 nm
[27]) prepared with only argon plasma sputtering.
On the other hand, the increase of N/C atomic ratio in the GNECN
coatings caused an increasing number of carbon sp3 bonding and a
decreasing number of nitrogen sp3 bonding in a predominantly sp3
bonding structure. Hence, the incorporation of nitrogen atoms in the
carbon structure was beneﬁcial for the formation of sp3 bonding
structure. The scratch depth of GNECN coatings increased with the
increase of N2/Ar ratio. Besides, the scratch depth of the GNECN
coatings was remarkably lower than that of GSEC coatings (66.8 nm at
normal load of 40 μN [48]) with the introduction of nitrogen atoms.
Therefore, it can be argued that the nano-scratch hardness of the
GNECN coatings is mainly determined by the volume fraction of nitrogen sp3 bonding in the coating.

3.2. Tribological behavior of GNECN coatings
Fig. 7 shows representative friction curves of the GNECN coating
prepared at N2/Ar ratio of 1/11 as a function of sliding cycle when it
runs against a Si3N4 ball in ambient air and N2 gas stream. It was clearly

3.3. Structural changes on the worn surfaces
Optical images of worn surfaces on the Si3N4 balls after running
against the GNECN coatings prepared at various N2/Ar ratios in ambient air and N2 gas stream are shown in Fig. 9a–d and e–h, respectively. It was shown that similar contact interfaces are obtained after
friction tests in both ambient air and N2 gas stream except the wear scar
on the Si3N4 ball in Fig. 9a. Speciﬁcally, few triboﬁlms (visible transferred materials accumulated inside of the contact area) were observed
on the wear scars of the ball surfaces after sliding tests in ambient air, as
shown in Fig. 9b–d, whereas the wear scars of the ball surfaces were
fully covered by large amount of triboﬁlms after sliding tests in N2 gas
stream, as shown in Fig. 9e–h. The wear scar in Fig. 9a was an exception
where a small amount of triboﬁlms were generated on the ball surface.
It was proposed that low friction coeﬃcients are attributed to the formation of the visible triboﬁlms on the Si3N4 ball surfaces, whereas the

Fig. 7. Friction curves of GNECN coating prepared at N2/Ar ratio of 1/11 when sliding
against Si3N4 ball in ambient air and N2 gas stream.
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Fig. 9. Optical images of worn surfaces on the Si3N4 ball after running against the GNECN coatings prepared at various N2/Ar ratios in (a–d) ambient air and (e–h) N2 gas stream. The
dotted circles indicate the theoretical contact area on the Si3N4 ball surface. The sliding direction of the Si3N4 ball is also shown for reference. The typical positions on worn surfaces for
Raman analysis are marked with P1, P2, P3, and P4.

coating suggested that a homogeneous triboﬁlm together with the
generation and evolution of the nano-size graphene structure are the
key points in achieving stable and low friction coeﬃcients of < 0.05 of
the GNECN coatings in N2 gas stream. Moreover, the high hardness of
GNECN coating comparable to that of GSEC coating together with a
similar interplanar spacing between graphene sheets strongly implied
that the combination of low energy electron irradiation and nitrogen
atom incorporation in the MCECR plasma sputtering system resulted in
the embedding of soft graphene nanocrystallites into hard carbon nitride matrix, which is a beneﬁcial architecture for obtaining stable and
low friction coeﬃcient in N2 gas stream. Nevertheless, the existence of
nitrogen atoms in the GNECN coatings either in the form of amorphous
carbon nitride matrix or in the form of nitrogen-doped graphene sheets
can hardly be identiﬁed. However, experimental and ﬁrst-principle simulation researches on the nitrogen-doped graphene have conﬁrmed
that the maximum nitrogen concentration in nitrogen-doped graphene
material is limited to 5–6 at.% [52–55]. Therefore, it could be inferred
that nitrogen atoms mainly exist in the amorphous carbon nitride matrix in the GNECN coatings. Further analyses of the nano- and microstructure of the GNECN are highly required for thorough understanding
of the low friction mechanisms in N2 gas stream. This research provides
a way to develop nano-size crystallite embedded carbon nitride coatings with excellent mechanical and tribological performances for advanced engineering applications.

high friction coeﬃcients are due to the direct sliding between the Si3N4
balls and the GNECN coatings. Optical images of the GNECN coatings
indicated similar contact interface and the coating did not wear out on
the Si substrate surface after all the friction tests, and thus are not
shown here.
To clarify the role of triboﬁlm on the wear scar of the ball surface in
the low friction behavior of the GNECN coating, typical positions on the
wear scars in Fig. 9 were studied with a Raman spectroscopy, as shown
in Fig. 10a. In case of the high friction in ambient air, the Raman
spectra of the triboﬁlm (P2) and no triboﬁlm (P1 and P3) were identical
to the spectrum of the Si3N4 ball with no speciﬁc peak, revealing no
composition and structural changes on the ball surfaces in the high
friction condition. On the other hand, the Raman spectrum of the triboﬁlm (P4) in N2 gas stream with low friction apparently consisted of
two individual D and G peaks at Raman shifts of around 1360 cm− 1
and 1590 cm− 1, respectively. The 2D peak located around 2700 cm− 1
could not be observed on the spectrum. The shift of G peak position to a
higher value, which is considered as the formation of a graphitic or
graphite-like structure [34,35,49], could not be identiﬁed. Supplementary Raman analyses of diﬀerent positions (more than ﬁve places)
on the triboﬁlms inside of the contact area on the Si3N4 ball surface
after sliding test in N2 gas stream showed similar results, suggesting a
homogeneous triboﬁlm formed on the contact area of the ball surface in
N2 gas stream.
Typical Raman spectra of worn surfaces on the GNECN coating
prepared at N2/Ar ratio of 1/8 after sliding against the Si3N4 ball in
ambient air and N2 gas stream, as shown in Fig. 10b, are similar to that
of the as-deposited GNECN coating. However, the proﬁle-ﬁtting results
of the Raman spectra deﬁnitely indicated that the value of I(D)/I(G)
increases from the initial 1.17 in the as-deposited GNECN coating to
1.25 for the GNECN coating after friction test in N2 gas stream, and
slightly decreased to 1.15 for the GNECN coating after friction test in
ambient air. The increase of the I(D)/I(G) can be attributed to the
formation of carbon sp2 structure (i.e. graphite-like structure) in the top
surface, which is beneﬁcial for achieving low friction coeﬃcients
of < 0.10 of carbon-based coatings [13,50,51].
According to the Raman analyses of the Si3N4 balls and the GNECN
coatings, it was supposed that nano-size graphene structure is generated
on the top surfaces of the contact interfaces after sliding tests in N2 gas
stream in relation to the graphene nanocrystallites in the coatings.
Raman spectra of the worn surfaces on the Si3N4 ball and the GNECN

4. Conclusions
Graphene nanocrystallite embedded carbon nitride (GNECN) coatings were fabricated on the silicon substrates using a MCECR plasma
sputtering system working in an electron irradiation mode at various
N2/Ar ratios. The composition and structure of the GNECN coatings
were closely related to the N2/Ar ratio. It was clariﬁed that the deposition rate, internal stress, and surface roughness of the GNECN
coatings decrease whereas the N/C atomic ratio and scratch depth of
the GNECN coatings increase with the increase of N2/Ar ratio from 1/
11 to 1/3. XPS and Raman analyses indicated an increasing number of
carbon sp3 bonding and a decreasing number of nitrogen sp3 bonding in
a predominant sp3 bonding structure in the GNECN coatings with the
increasing N2/Ar ratio. Graphene nanocrystallite was obviously identiﬁed in the amorphous carbon nitride structure from the analyses of
TEM, XPS, and Raman spectroscopy. Most interestingly, the friction
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