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ARTICLE INFO ABSTRACT

Structural and tribological performances of graphene nanocrystallited carbon nitride (GNCN) films were in-
vestigated. The GNCN films were prepared in a multifunctional electron cyclotron resonance plasma system with
the variation of the microwave power from 300 to 700 W. An increase in the growth rate and a decrease in the
nitrogen atomic concentration were clearly observed with increasing microwave power. Whereas, the residual
stress, surface roughness (Ra), and nano-scratch depth of the GNCN films were independent of the microwave
power. Raman and XPS characterizations of the GNCN films indicated a gradual increase in sp> carbon bonding
structures as well as the size of the graphene nanocrystallite. When rubbing against the SisN, balls, low friction
coefficients of approximately 0.05 were achieved in nitrogen gas atmosphere. Low friction was attributed to the
formation of a uniform tribofilm on the wear scar of the worn SizN,4 ball surface. TEM-EELS analysis of the
transfer film evidenced the formation of graphene nanocrystallites and the loss of nitrogen atoms in the topmost
layer. It is strongly argued that the evolution of carbon sp? structure on the contact interface is favorable for

Keywords:

Graphene nanocrystallite
Carbon nitride

Friction performance
Transfer film

TEM-EELS

obtaining low friction coefficient of the GNCN films in nitrogen gas environment.

1. Introduction

Energy consumption in tribological contacts in industrial applica-
tions contributes more than 20% of the total energy consumption in the
whole world. Moreover, 20% of the energy wasted is used to combat
with friction [1]. Coating technology is an advisable solution for re-
ducing the friction and wear of the moving parts in the contacts. Carbon
nitride films have attracted extensive attentions in the last three dec-
ades due to their extremely mechanical, optical, electrical, electro-
chemical, and tribological properties [2-7]. Particularly, ultra-low and
even super-low friction coefficients (in the order of 0.001) of amor-
phous carbon nitride (CNx) films have been observed in dry nitrogen
gas atmosphere, no matter it is supplied to the sliding interfaces with a
gas tube or a vacuum chamber full of nitrogen gas species [8-11].

The multifunctional performances of the amorphous carbon nitride
materials can be further improved with the synthesis of various crystal
structures insides of the materials. On the one hand, Sjostrom et al.
found that the formation of fullerene-like structures in the CNx (FL-
CNx) films strongly promoted the elastic recovery and nanoindentation
hardness to extreme values of 85% and 60 GPa, respectively [12].
Graphitic carbon nitride (g-C3Ny4 or g-CN), which is considered as the
most stable form of carbon nitrides, exhibits great potentials in
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advanced catalytic and optoelectronic applications [13,14]. Wang et al.
proposed that g-CN material could produce hydrogen from water with a
visible light irradiation although the estimated quantum efficiency is
only 0.1% [15]. Liu et al. reported a carbon nanodot—carbon nitride
(C3Ny4) composite with a distinguished behavior for photocatalytic solar
water splitting and an overall solar energy conversion efficiency of
2.0% [16]. Furthermore, Dong et al. developed a series of g-CN related
2D materials, such as N-doped TiO,/g-C3N, heterojunction, Ca-inter-
calated g-C3N4, O and K-functionalized g-C3N4 as well as O/La co-
functionalized g-C3N,, for the highly efficient degradation of environ-
mental pollutants (e.g. nitrogen oxide) and the exploration of photo-
catalytic reaction mechanisms [17-20]. On the other hand, with the
emerging of graphene materials, nitrogen-doped graphene materials
with excellent performances of electrical conductivity, electrocatalytic
activity, and corrosion protection have been synthesized and ex-
tensively studied [21-23].

The incorporation of graphene sheets into amorphous carbon
structures drastically improves the performances of the films in multi-
physics fields. Wang et al. reported a large room temperature magne-
toresistance of 12% in graphene sheets embedded carbon (GSEC) films,
which was attributed to the ferromagnetic order of spin magnetic mo-
ment arrangement at the edges of graphene layer [24]. Zhang et al.
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reported an excellent photocurrent responsivity of 0.35 A/W and a
sensitive response time of 2.2 pus in GSEC films, which was ascribed to
the reduction of the electron-hole recombination rate by graphene na-
nocrystallite tapping centers [25]. Huang et al. found a high electro-
chemical activity and wide potential window of larger than 3.2V in
GSEC films, which was due to the formation of a faster electron transfer
path and more reaction active sites at the graphene edges [26].

In the present work, a friction tuning strategy including the in-
corporation of graphene nanocrystallites into amorphous carbon nitride
films was proposed to achieve outstanding mechanical as well as tri-
bological behaviors of graphene nanocrystallited carbon nitride
(GNCN) films. The GNCN films were produced with a powerful electron
cyclotron resonance (ECR) plasma assisted physical vapor deposition
system. The effect of microwave power on the composition and struc-
ture of GNCN films was carefully investigated. Moreover, the friction
behaviors of the GNCN films in both ambient air and nitrogen gas en-
vironment were studied with a ball-on-disk tribometer. Finally, the low
friction mechanisms of the GNCN films were clarified through a de-
tailed investigation of the worn surface on the wear scar of the SizN4
ball.

2. Experimental details

GNCN films were fabricated by a home-built ECR plasma assisted
physical vapor deposition system. The merit of this technique is that the
low energy (0-200eV) electron irradiation of the growing surface
during film deposition is highly tunable, which is beneficial for the
formation of multi-layer graphene sheets in the amorphous carbon
matrix based on our previous studies [24-27]. Current was applied to
three separate magnetic coils to generate a mirror confinement mag-
netic field inside of the steel vacuum chamber. A glassy carbon target
was mounted on a water-cooled cathode as solid carbon source. A
stainless steel circle shutter was placed between the carbon target and
the substrate. The films were grown onto the (100) surface of p-type
silicon substrates (the electrical resistivity was 7-13 Qcm) with three
dimensions of 20 x 20 x 0.525 mm>.

The silicon wafers were ultrasonically rinsed in acetone, alcohol,
and purified water, in sequence, prior to loading into the vacuum
chamber. After loading, the chamber was pumped down to lower than
1.0 x 10~ *Pa. Subsequently, the substrates were etched by an ECR
argon plasma for 3 min with —50V bias voltage and a constant gas
pressure of 0.04 Pa to remove surface contaminations on the surfaces.
Thereafter, sputtering of carbon target was proceeded to produce the
GNCN film. During the GNCN film growth and electron irradiation, the
argon and nitrogen mixture gas (N»/Ar ratio of 1/11) pressure was
controlled to be around 0.04 Pa. DC bias voltages of —500V and +20V
were introduced to the carbon target and silicon substrate, respectively.
Five types of GNCN films were prepared at the microwave powers of
300W, 400 W, 500 W, 600 W, and 700 W. The thickness of the GNCN
films was maintained at around 200 nm.

The thickness as well as the curvature of the GNCN films were de-
termined using a surface profiler (Bruker, DEKTAK-XT, USA). The re-
sidual stress in the film was evaluated using the substrate curvature
method, which has been described in detail elsewhere [28-30]. The
surface morphologies of the GNCN films were measured with an atomic
force microscope (AFM, Bruker, Dimension Edge, USA). The scanning
size was 5 x 5um? and the scanning tip was a silicon tip (2nm tip
radius). The nano-scratch tests were conducted in ambient conditions
by AFM using a stainless steel cantilever attached with a diamond tip
(40 nm tip radius). Nano-scratch tests were performed by scratching the
samples surface over one single line. The normal load of scratch was set
to 120 pN. The scratch length and scratch velocity were 2um and
0.1 um/s, respectively. Each sample was scratched for three times and
the scratch depth was determined according to the average depth. The
scratch behavior was derived by comparing the scratch depths of var-
ious GNCN films under the identical normal load.
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The nanostructures of the as-deposited GNCN films were analyzed
with a Cs-corrected high-resolution transmission electron microscope
(HRTEM, Thermo Fisher Scientific, Titan Cubed Themis G2 300, USA)
operated at an electron acceleration voltage of 80kV. Plan view TEM
specimen was produced by slightly scratching the film from the silicon
substrate and transferring the delaminated flakes onto a copper grid.
Cross-sectional TEM specimen was cut out from the GNCN film by using
a focused ion beam (FIB, Thermo Fisher Scientific, Scios, USA) with a
Ga™ ion beam at an acceleration voltage of 30kV. To protect from
possible damage, Pt layers were deposited on the surface of the sample.
The sample was finally polished to a thickness of less than 100 nm with
a Ga™ ion beam at an acceleration voltage of 2kV. Electron energy loss
spectroscopy (EELS, Gatan, GIF Quantum ER/965 P, USA) signals were
acquired in combination with TEM at an exposure time of 0.8 s over-
lapped with five frames for the carbon, nitrogen, and oxygen K-edges.
The core energy-loss spectra of carbon, nitrogen as well as oxygen were
obtained after subtracting a power-law background fit in Digital
Micrograph software [31].

The elemental compositions and chemical bonding of the GNCN
films were characterized by utilizing a multifunctional X-ray photo-
electron spectroscope (XPS, Kratos, Axis Ultra DLD, UK). The relative
N/C atomic ratio of the GNCN films was deduced from XPS signals
corresponding to Cls and N1s core levels by using the standard atomic
sensitivity factors of the instrument. Besides, the bonding structures and
configurations of the GNCN films were determined at room temperature
by a Raman spectroscope (Horiba, LabRAM HR Evolution, Japan)
equipped with an Ar laser with an excitation wavelength of 532 nm.
The incident power on the sample was 0.1 mW to avoid surface damage,
and the Raman spectra were acquired from 800 to 3500 cm ™.

Unidirectional sliding friction tests of the as-deposited GNCN films
in ambient atmosphere and nitrogen gas environment were performed
on a customized designed tribotester under the ball-on-disk contact
configuration. In nitrogen gas condition, dry nitrogen gas stream was
supplied to the contact interface. Friction behaviors of the GNCN films
were measured during pure sliding contact between the stationary ball
and the rotating disk. The stationary specimen was a SizN4 ball with a
diameter of 6.35 mm and a surface roughness (Ra) of 50 nm. The GNCN
coated Si sample was rotated with a rotation radius of 1.5 mm and a
rotation speed of 180rpm corresponding to a linear velocity of
28.3mm/s. The applied normal load was controlled to be 1.0N,
yielding an initial Hertz contact pressure of 0.65 GPa. All the friction
tests lasted for 5000 cycles with a corresponding sliding distance of
47.1 m.

The transfer films on the wear scars of the SisN, balls after the
friction tests were imaged utilizing an optical microscope (Nikon, LV-
150N, Japan) and characterized by a Raman spectroscope. Moreover,
the cross-sectional nanostructures of the topmost surface on the transfer
films were investigated using a HRTEM in conjunction with EELS. The
TEM specimen was cut out from the ball surface and was polished to
less than 100 nm thick by using the FIB lift-out technique to achieve
electron transparency. Prior to thinning, Au and Pt layers were subse-
quently deposited on the surface of the samples to make them con-
ductive and protect them from any possible damage during the fol-
lowing processes.

3. Results and discussion
3.1. Structural properties of GNCN films

Variation of the growth rate, N atomic concentration, N/C atomic
ratio, residual stress, surface roughness (Ra) as well as nano-scratch
depth of the as-deposited GNCN films as a function of the microwave
power are summarized in Table 1. It can be noted that the growth rate
of the GNCN films increased remarkably from 1.8 to 4.6 nm/min by
increasing the microwave power from 300 to 700 W. However, the
atomic concentration of nitrogen in the GNCN films decreased
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Table 1
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The growth rate, N atomic concentration, N/C atomic ratio, residual stress, surface roughness (Ra), and nano-scratch depth of the GNCN films.

Microwave power Growth rate (nm/min) N atomic N/C Residual stress Surface roughness (nm) Scratch depth
W) concentration (at.%) atomic ratio (GPa) (nm)

300 1.8 18.8 0.23 1.1 0.18 1.5

400 2.4 16.7 0.19 1.2 0.19 1.4

500 3.0 15.7 0.18 11 0.20 1.5

600 3.9 13.5 0.15 1.2 0.17 1.3

700 4.6 11.7 0.13 1.2 0.20 1.3

Ra=0.20 nm

00 iSp,mXS].tm

Fig. 1. A representative AFM picture of the GNCN film prepared at the mi-
crowave power of 700 W.

monotonously from 18.8 to 11.7 at.% with the increasing microwave
power. The correlated N/C atomic ratio decreased straightly from 0.23
to 0.13 as well. Compared with the high residual stress (2.3-4.4 GPa) of
amorphous carbon nitride films produced with a radio frequency
plasma enhanced chemical vapor deposition (RF-PECVD) and physical
vapor deposition (PVD) hybrid coating process [29], a significant re-
duction of the residual stress was observed for the GNCN films. When
the microwave power increased from 300 W to 700 W, the residual
stress kept almost constant at a lower value of 1.1-1.2 GPa.

Fig. 1 shows a representative AFM picture of the GNCN film de-
posited at the microwave power of 700 W. The surface morphologies of
the GNCN films derived from a scanning size of 5 x 5 um? indicate that
the mean surface roughness (Ra) fluctuated between 0.17 and 0.20 nm,
which is much flatter than that of the graphene sheets embedded
carbon (GSEC) film (e.g. 20.8 nm for GSEC film deposited at an electron
irradiation energy of 50 eV [32]). The surface roughness (Ra) of the
mirror-polished silicon substrate is approximately 0.08 nm. Fig. 2 de-
monstrates a typical AFM image of scratched surface and the corre-
sponding cross-sectional profile of the scratch track of the GNCN film
prepared at the microwave power of 700 W. Similarly, the scratch depth
of the GNCN films slightly fluctuated between 1.3 and 1.5 nm, which is
around half of that for silicon substrate (2.7 nm) and thus suggesting a
higher nano-scratch resistance of the GNCN films compared to that of
the silicon substrate.

To gain more insights into the nanostructure evolution of the GNCN
films with the variation of the nitrogen atomic concentration, a com-
bination analysis of XPS and Raman spectroscopy was executed.
Specifically, XPS is employed for detecting the carbon and nitrogen
bonding configurations in the GNCN films. Fig. 3a and b demonstrate
the N1s and Cls peaks for XPS spectra and corresponding deconvolu-
tion curves of the GNCN films produced at the microwave power of
700 W, respectively. The Cls and N1s XPS spectra were fitted by three
and four Gaussian components, respectively, after the inelastic scat-
tering backgrounds were subtracted using the Shirley's method. The
three peaks at binding energies of 284.6, 285.3, and 286.8 eV for the

Scratch

Scratch
depth

Fig. 2. (a) A typical AFM image of scratched surface and (b) a cross-sectional
profile of the corresponding scratch track of the GNCN film prepared at the
microwave power of 700 W.

Cls spectra correspond to sp> C=C & C=N, sp®> C—N & C—C, and C—O
bonds, respectively. The four peaks at binding energies of 398.2, 399.3,
400.5, and 401.1 eV for the N1 s spectra correspond to sp> C—N, C=N,
sp? C=N, and N—O bonds, respectively [30]. Compared with the de-
convolution results of the N-doped graphene and related materials, the
above mentioned four peaks in N1s spectrum can be related to the
pyridinic N, pyrrolic N, graphitic N, and pyridinic-N-oxide, which is
helpful for better understanding the structure of the GNCN films [33].

The variations of sp> C-N/sp? C=N (thereafter referred to as sp>/sp®)
ratios of Cls and N1s peaks in the fitting results for the GNCN films
prepared at different microwave powers are summarized in Table 2.
Clearly, N1s sp>/sp® decreased with the increase of microwave power.
Whereas, the C1s decreased with the increase of microwave power, and
gave a larger fluctuation at microwave powers of 500 and 700 W.
Moreover, the carbon and nitrogen bonding structures of the GNCN film
changed from a sp® domain to a sp? domain with the increase of the
microwave power from 300 to 400 W.

Raman spectroscopy is a powerful and convenient tool for char-
acterizing the detailed carbon bonding information, especially, the
disorder or clustering of sp? carbon phase in the GNCN films. Fig. 4a
and b show the Raman spectra and corresponding profile-fitting curves
of the GNCN films prepared under the microwave power of 700 W,
respectively. Raman spectrum ranging from 800 to 3500cm ™! gen-
erally consisted of a D band (disorder peak, arising from the breathing
motion of sp? carbon rings), a G band (graphite peak, arising from the



P. Wang, et al.
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Fig. 3. Deconvolutions of (a) Cls and (b) N1s XPS spectra of the GNCN film
prepared at the microwave power of 700 W.

Table 2
XPS and Raman spectra results of the GNCN films prepared at various micro-
wave powers.

Microwave power ~ Cls sp>/ Nis sp®/ D peak G peak I(D)/I(G) Ly

W) sp* sp* (em™) (em™") (nm)
300 1.05 1.15 1354 1569 1.03 1.37
400 0.84 0.93 1359 1573 1.14 1.44
500 0.89 0.97 1360 1575 1.21 1.48
600 0.84 0.75 1360 1574 1.23 1.50
700 0.97 0.70 1361 1576 1.28 1.53

bond stretching of all pairs of sp> carbon atoms in both rings and
chains), and a 2D band (arising from the two-phono involved double
resonance Raman process with a typical example of a single layer
graphene) locating around 1340, 1590, and 2800 cm ™ ?, respectively.
Raman spectra fitting from 900 to 1800 cm ™' adopted a typical tech-
nique, where the D band and G band were fitted with Lorentzian and
Breit-Fano-Wagner (BFW) function, respectively, after a linear back-
ground correction [34,35]. The fitting results for Raman spectra of the
GNCN films deposited at various microwave powers are summarized in
Table 2. It was clearly seen that the D peak and G peak slightly in-
creased with the increase of microwave power from 300 to 400 W, and
then kept almost constant with further increase of microwave power to
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Fig. 4. (a) Typical Raman spectrum and (b) profile-fitting curves (Lorentzian
function for the D peak and BFW function for the G peak) of the GNCN film
prepared at the microwave power of 700 W. The black line is the sum of D peak
and G peak, which is a close match to the raw Raman data in circle.

700 W. However, the D/G peak area ratio (thereafter referred to as I
(D)/1(G)) continuously increased from 1.03 to 1.28 with the increase of
microwave power from 300 to 700 W. I(D)/I(G) is highly related to the
clustering and ordering of the sp> carbon phase according to the Fer-
rari's three-stage model in thin carbon films [34,35]. Therefore, it was
suggested that sp? carbon bonding increased with the increase of mi-
crowave power from 300 to 700 W.

The in-plane size of graphene nanocrystallite (L,) in the GNCN films
could be estimated from the following equation: I(D)/I(G) = C(\) L2,
where C(\) is the coefficient related to excitation laser wavelength, and
C()\) is approximately 0.55nm 2 for the laser with the wavelength of
532nm [36]. The calculated graphene nanocrystallite size increased
from 1.37 to 1.53 nm with the increase of microwave power from 300
to 700 W. Similarly, it has also been clarified that the nano size of the
graphene sheets increased from 1.09 to 1.67 nm in the GSEC films with
the increase of microwave power from 160 to 300 W in an ECR plasma
system [36].

High-resolution transmission electron microscopy (HRTEM) to-
gether with electron energy loss spectroscopy (EELS) were performed to
resolve the nanostructure information in the GNCN films, as shown in
Figs. 5-7. Specifically, Fig. 5a exhibits the plan view of the GNCN film
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Fig. 5. Nanostructure information in the GNCN film prepared at the microwave
power of 500 W observed by HRTEM. (a) the plan view TEM image. (b) electron
diffraction pattern. (c) FFT image of selected square region I. (d) FFT image of
selected square region II.

prepared with the microwave power of 500 W. Nanosized graphene
sheets with an interlayer space of 0.34 nm were embedded into amor-
phous carbon nitride matrix. The diffraction ring in the corresponding
electron diffraction pattern, as shown in Fig. 5b, again indicates the
formation of graphene nanocrystallites in the amorphous carbon nitride
structure. The fast Fourier transformation (FFT) image of the selected
square region I in Fig. 5c showed no pattern corresponding to amor-
phous structure. Whereas, the FFT image in the selected square region II
in Fig. 5d showed two white light spots, which confirmed the formation
of multilayer graphene sheets in the structure. Fig. 6 shows the re-
presentative cross-sectional view of the GNCN film prepared at the
microwave power of 500 W. It can be seen in Fig. 6a that the thickness
of the deposited GNCN film was 210 nm. The enlargement TEM image
of the marked square region and corresponding electron diffraction
(ED) image are shown in Fig. 6b and c, respectively. TEM image and ED
pattern further confirmed the existence of graphene sheets in the
amorphous carbon nitride matrix. The core energy-loss EELS spectra of
the GNCN film in the marked circular region in Fig. 6a are shown in
Fig. 7. Two characteristic features, t* (a sharp initial peak at left re-
presenting the 1 s — x* transition) and o* (a broader and more intense
peak at right representing the 1s— o* transition) peaks, were clearly
observed in both carbon and nitrogen K-edges, indicating the presence
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Fig. 7. The core energy-loss EELS spectra of the GNCN film prepared at the
microwave power of 500 W in the marked circular region in Fig. 6a. (a) C K-
edge. (b) N K-edge. (¢) O K-edge.

of sp® bonding carbon and nitrogen atoms in the GNCN film [37-39].
Particularly, the w* and o* peaks of carbon K-edge located around
285eV and 292 eV, respectively, as shown in Fig. 7a, while those of
nitrogen K-edge located around 401 eV and 408 eV, respectively, as
shown in Fig. 7b. There was no sign of oxygen peak in the oxygen K-
edge in Fig. 7c.

According to the abovementioned analysis results, microwave
power was an effective parameter for modulating the composition and
structure of the GNCN films. On the one hand, the increase of micro-
wave power caused the increase of plasma density, leading to a higher
sputtering yield of carbon atoms due to the increase of irradiation en-
ergy on the carbon target, and thus larger growth rate and lower

Fig. 6. Nanostructure information in the GNCN film prepared at the microwave power of 500 W observed by HRTEM. (a) the cross-sectional view TEM image. (b)

enlargement TEM image of selected region in (a). (c) electron diffraction pattern.
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nitrogen element atomic ratio of the GNCN films. However, the electron
irradiation energy on the silicon substrate, which was mainly controlled
by the substrate bias voltage, was seldom affected by the microwave
power. Therefore, the residual stress, surface roughness (Ra), and nano-
scratch resistance of the GNCN films presented a less dependency on the
microwave power. A series of relative smooth and high scratch re-
sistance GNCN films were obtained. On the other hand, it has been
proved that the nano size and concentration of the graphene nano-
crystallites are mainly controlled by the combinations of electron en-
ergy (eV) and electron flux (mm~2s™1). The underlying electron ex-
citation of the C—C bonds as well as the inelastic scattering of the
energy exchanging between electron and carbon atoms favor the for-
mation of a more stable carbon sp? bonding state and therefore the
growth of the graphene nanocrystallites [36,40]. Thus, the increase of
microwave power resulted an increase of the electron irradiation cur-
rent density, facilitating the growth of the nano size of the graphene
nanocrystallites from 1.37 to 1.53nm. Consequently, leading to the
increase of sp> carbon bonding structures in the GNCN films. Further-
more, it has been clarified in the past works that the highest nitrogen
atomic concentration in the nitrogen-doped graphene films is limited to
5-6 at.% [41,42], namely, amorphous carbon nitride no matter what
structure it is could be successfully fabricated when the nitrogen atomic
concentration is higher than 10 at.%, both carbon nitride and nitrogen-
doped graphene would be generated in the film. Hence, it was assumed
that both the nitrogen-doped graphene as well as amorphous carbon
nitride matrix were formed in the GNCN films. In relation to the re-
searches on various nanostructured g-CsN4-based photocatalysts
[13,43], the unique structures of the GNCN films made them good
candidates for air purification and will be systematically investigated in
the future works.

3.2. Tribological properties of GNCN films

Fig. 8a and b exhibit the friction curves of GNCN films running against
Si3Ny balls in both ambient air and nitrogen gas environment, respectively.
Specifically, the friction coefficients in ambient air increased at the
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Fig. 9. Average friction coefficients of the GNCN films deposited under various
microwave powers running against SizN, balls.

beginning of the sliding tests, and then gradually reached a steady state at
the middle of the tests with a fluctuation between 0.20 and 0.30. On the
contrary, the friction coefficients in nitrogen gas stream increased at the
start of the tests, and then straightly decreased until achieving a steady
state with a value of approximately 0.05, demonstrating a typical running-
in process. The average friction coefficient was calculated from values at
the last 1000 cycles of each sliding test. Average friction coefficients of
various GNCN films running against SisN, balls are summarized in Fig. 9.
Clearly, the average friction coefficients of GNCN films in nitrogen gas
stream were substantially less than one third of those in ambient air. The
average friction coefficients in nitrogen gas stream extremely stabilized at
0.05 and no appreciable dependence on the microwave power was ob-
served, whereas those in ambient air were in the range from 0.16 to 0.25.
The lowest and highest average friction coefficients of the GNCN films
were 0.05 and 0.25, respectively.
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Fig. 8. Friction curves of the GNCN films prepared under various microwave powers rubbing against Si;N4 balls. (a) ambient air. (b) nitrogen gas stream.
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Fig. 10. Optical images of wear scars on the SizN, balls after running against the GNCN films prepared at various microwave powers in (a—e) ambient air and (f—j)
nitrogen gas stream. The typical locations are marked with P1, P2, P3, and P4 for Raman analysis.

3.3. Low friction mechanism of GNCN films

To unravel the friction mechanism of GNCN films, the wear scars on
the worn Si3N, balls after friction tests were imaged and analyzed by a
basic characterization technique with a combination of an optical mi-
croscope and a Raman microscope. Fig. 10 shows the optical images of
wear scars on the SizN, balls after running against GNCN films prepared
under various microwave powers. Obviously, few tribofilms were ob-
served on the SizNy4 balls in ambient air, whereas large amount of tri-
bofilms were accumulated on the SizN, balls in nitrogen gas stream.
These observations were identical to those SisN,4 balls after running
against GNCN films prepared under various N,/Ar gas ratios, as shown
in the previous study [30]. Optical observation of the worn disk surface
(image not shown) shows that GNCN film remained on the silicon
substrate after friction test for 5000 cycles. It can be assumed that the
unsteady high frictions in ambient air are attributed to the directly
sliding between the SizN,4 balls and the GNCN films, and the stable low
frictions in nitrogen gas stream are due to the formation of uniform
tribofilms on the contact interfaces. The higher value up to 0.25 in
ambient air can be ascribed to the relatively higher humidity of the
ambient atmosphere (60%RH). The tribochemical reaction between the
Si3Ny4 ball and water vapor in the gas environment facilitate the for-
mation of Si(OH), gels and thus few tribofilms were observed on the
worn surfaces of the SizN,4 balls (as shown in Fig. 10a-e). Fig. 11 de-
monstrates the Raman spectra of the marked positions on the wear scars
of the Si3N, balls as shown in Fig. 10. The Raman spectra of the no
tribofilm and tribofilm in high friction condition indicates no percep-
tive peaks, whereas the Raman spectra of tribofilms in low friction
condition clearly shows G peak and D peak, indicating graphitization of
the carbon structure. It was confirmed that tribofilm on the contact
interfaces carries important information and plays a crucial factor in
the low friction mechanisms of the GNCN films in nitrogen gas stream.

To further explore the roles of components and nanostructures of
the topmost layer on the contact interfaces in achieving the low fric-
tions of the GNCN films running against SizN, balls in nitrogen gas
stream, the near surface of tribofilm on the wear scar in Fig. 10h was
probed by utilizing a TEM in conjunction with an EELS possessing a
high spatial resolution, as shown in Figs. 12 and 13. Nanometer-thick
lamella specimens of the topmost layer on the wear scar was prepared
by a dual beam SEM-FIB lift-out technique, as shown in Fig. 12a—c. It

P4-Tribofilm
(low )

i«»"”“""»ww'\
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Fig. 11. Raman spectra of marked positions (as shown in Fig. 10) on the worn
surfaces of the SizNy balls after friction tests. The spectrum of the SizN, ball is
included for comparison.

was obviously observed from low magnification TEM image (Fig. 12d)
that a thick tribofilm with a thickness of approximately 1266 nm was
generated on the Si3N, substrate after the friction test. Besides, the
detected tribofilm on the Si3N, substrate was compact and uniform
from bottom to top without perceivable changes. Nanosized graphene
sheets with an interlayer space of 0.34 nm and random orientation were
observed in the HRTEM image (Fig. 12f). Nanocrystallization degree of
the tribofilm was identical to that of the GNCN film (shown in Fig. 6b).

The core energy-loss EELS spectra of the tribofilm in the marked
circular regions (1, 2, and 3) in Fig. 12d are shown in Fig. 13. Inter-
estingly, not only carbon and nitrogen atoms but also oxygen atoms
were distinctly obtained in the tribofilm from the EELS analysis,
whereas, oxygen peak was not observed in the EELS spectrum of the
original GNCN film (shown in Fig. 7¢). The distinguished x* and o*
peaks were observed in all the three carbon, nitrogen, and oxygen K-
edges. The poor signal-to-noise ratio in both nitrogen and oxygen K-
edges compared to that in carbon K-edge suggested that a low nitrogen
and oxygen atomic concentrations in the tribofilm [7]. It has been es-
tablished by former researches that the relative integrated peak areas
could provide an estimated value of sp> bonding information in the
carbon film. Therefore, a relative ratio of t* to t* + o* was calculated
by the integration of a 5eV window for n* peak (283-288eV) and a
20 eV window for w* + o* peak (283-303 eV) in carbon K-edge [44].
Similarly, a relative ratio of w* to m* + o* in nitrogen K-edge was
calculated by the integration of a 5eV window for =m* peak
(398-403 eV) and a 20 eV window for t* + o* peak (398-418 eV). The
sp? fractions of carbon and nitrogen K-edges in the as-deposited GNCN
film were calculated to be 0.16 and 0.16, respectively (shown in Fig. 7a
and b). It was found that the sp® fraction in carbon K-edge across the
whole tribofilm remained almost the same with the GNCN film. How-
ever, the sp? fraction in nitrogen K-edge increased from 0.15 (near the
SizN4 substrate) to 0.18 (at the topmost surface). Furthermore, a re-
lative ratio of nitrogen to carbon nt* + o* peak area was also calculated
and it greatly decreased from 0.45 near the SizN,4 substrate to 0.33 in
the middle of the tribofilm, and further reduced to 0.26 at the topmost
surface. As shown in Fig. 13c, the oxygen peaks in the oxygen K-edge
across the tribofilm from bottom to top suggested that oxygen atoms
exist not only from surface adsorption when stored in the ambient en-
vironment after friction test but also as a tribochemical product during
the friction process. It was therefore speculated that oxygen atoms act
as an obstacle for achieving super-low friction coefficient (i.e. in the
order of 0.001) in nitrogen gas stream.

The unique TEM-EELS analysis of the tribofilm generated on the
SizNy4 ball in the low friction condition provides pronounced evidences
for clarifying the low friction mechanism of the GNCN films in nitrogen
gas environment. Firstly, the formation of a uniform and thick graphene
sheets containing tribofilm on the contact interface acts as a lubricating
layer and sufficiently avoids the direct contacting and sliding between
the Si3N4 ball and the film. The low shear strength of graphene sheet
(0.04 MPa as measured in [45]) could reduce the friction coefficient to
an extremely low level. Besides, the formation of an incommensurate
interface between graphene layers not only in nanoscale but also in
macroscale sliding contacts is promising for attaining robust super-
lubricity [46-49]. According to the previous researches [10,29,30], the
thickness of the tribofilm played an important role in achieving low
friction behaviors of amorphous carbon nitride films in inert gas en-
vironment. The unique nanostructures of the GNCN films facilitated a
stable and continuous transfer of the multilayer graphene sheets to the
mating ball surface, and thus low friction coefficients of the GNCN films
were obtained in nitrogen gas stream even with the accumulation of
micrometer-thick tribofilms. Secondly, it has been proposed in [9] that
desorption of nitrogen atoms on the topmost layers of the CNx film



P. Wang, et al.

Applied Surface Science 495 (2019) 143591

FIB lamella

TEM region

Fig. 12. Characterization of the wear scars on the Si3N, ball after rubbing against GNCN film prepared at the microwave power of 500 W in nitrogen gas stream. (a)
optical image of the wear scar on the SisN,4 ball. (b) SEM image of the wear scar after FIB fabrication. (c) SEM image of the FIB lamella mounted on a half copper grid
for TEM observation. (d) low-magnification cross-sectional view TEM image of tribofilm. (e) enlargement TEM image of a selected area in (d). (f) HRTEM image of a

selected area in (e).
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Fig. 13. The core energy-loss EELS spectra of the tribofilm in the marked po-
sitions (1, 2, and 3) in Fig. 12d. (a) C K-edge. (b) N K-edge. (c) O K-edge. The
integration windows for o* and o* + m* peaks in carbon and nitrogen spectra
are shown for reference.

favors the formation of graphite-like structure on the contact interface
for achieving super-low friction of CNx films. During the friction pro-
cess of the GNCN films in nitrogen gas environment, exodiffusion of
nitrogen atoms contributed to the generation of carbon sp? rich struc-
tures, and the accumulation of graphene sheets on the top layer of the
contact interface further limited the existence of nitrogen atom. Thus,
the loss of nitrogen atoms in the topmost surface can be clearly ob-
served in the EELS spectra. Evolution of carbon sp? structure on the
contact interface was beneficial for obtaining low friction of the GNCN
films. Finally, the role of N atom for achieving low and even super-low
friction is still an open question, great efforts are required for thorough
understanding of the low friction mechanisms.

4. Conclusions

A detailed investigation of the structural and tribological properties
of the GNCN films deposited by a home-built ECR plasma assisted
physical vapor deposition system under an electron irradiation working
mode with various microwave powers was conducted. With the in-
crease of microwave power from 300 to 700 W, an increase in the
growth rate and a decrease in the nitrogen atomic concentration were
clearly observed. However, the residual stress, surface roughness (Ra),
and nano-scratch depth of the GNCN films were independent of the
microwave power. XPS and Raman analysis of the GNCN films in-
dicated a gradual increase of sp? carbon bonding structure as well as the
size of the graphene nanocrystallite with increasing microwave power.
The friction behavior of the GNCN films was obtained by using a sliding
ball-on-disk tribometer equipped with a gas blow system. Friction
coefficients larger than 0.25 were observed in ambient air. Low friction
coefficient of approximately 0.05 was obtained in nitrogen gas atmo-
sphere. The friction coefficients of the GNCN films in both ambient air
and nitrogen gas environments were insensitive to the microwave
power. The low friction was generally ascribed to the formation of a
uniform tribofilm on the wear scar of the SisN4 ball. Nevertheless, the
TEM and EELS combination analyses of the tribofilm demonstrated the
formation of graphene nanocrystallites and the loss of nitrogen atoms in
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the topmost layer. It is therefore strongly argued that evolution of
carbon sp? structure on the contact interface is favorable for obtaining
low friction of the GNCN films in nitrogen gas environment. This study
may shed light on the development of superior carbon nitride films for
demanding low friction mechanical systems.
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