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An oxygen plasma etching technique was introduced for improving the tribological properties of the
graphene sheets embedded carbon (GSEC) filmin electron cyclotron resonance plasma processing system.
The nanostructural changing in the film caused by oxygen plasma etching was examined by transmission
electron microscope, Raman spectroscopy and X-ray photoelectron spectroscopy, showing that the 3 nm
thick top surface layer was restructured with smaller graphene nanocrystallite size as well as higher sp3
bond fraction. The surface roughness, mechanical behavior and tribological properties of the original GSEC
and oxygen plasma treated GSEC films were compared. The results indicated that after the oxygen plasma
treatment, the average roughness decreased from 20.8 +£ 1.1 nm to 1.9 £ 0.1 nm, the hardness increased
from 2.3 +£0.1 GPa to 2.9+ 0.1 GPa, the nanoscratch depth decreased from 64.5+5.4nm to 9.9+ 0.9 nm,
and the wear life increased from 930 + 390 cycles to more than 15,000 frictional cycles. The origin of the
improved tribological behavior was ascribed to the 3 nm thick graphene nanocrystallite film. This finding
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can be expected for wide applications in nanoscale surface engineering.
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1. Introduction

Carbon based nano devices have bright prospects in the mod-
ern semiconductor industry since they show excellent electrical,
optical as well as other performances and can be easily integrated
with silicon substrate during fabrication [1,2]. In their applications,
many of them involve moving parts, making tribological property of
carbon materials a key issue to determine the reliability of devices
[3,4]. Nanostructured carbon films with nanocrystallites embed-
ded in the amorphous carbon matrix are expected as candidates for
novel carbon based nano devices because the nanocrystallites, such
as graphene, graphite, fullerene and nanotubes, possess remark-
able and tunable characteristics, which can widen the properties of
devices [5-7]. However, the growth of sp? clusters in amorphous
phase may lead to surface roughening [8,9], which can certainly
cause high friction and severe wear losses [10], finally limiting
the application prospect of nanostructured carbon films in car-
bon based nano devices. Recently, a graphene sheets embedded
carbon (GSEC) film under the low energy electron irradiation in
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electron cyclotron resonance (ECR) plasma processing system was
developed. This carbon film has been proved to have high elec-
trical conductivity and strong magnetism due to the embedded
graphene sheets [11,12]. These outstanding properties made this
film become a candidate for potential applications in spintronics
and nanoelectromechanical system. However, it was also found
that the GSEC film had rough surface, low hardness and relatively
poor tribological properties [13], making its application in nano
devices restricted.

Plasma treatment, especially oxygen plasma treatment with
high chemical reactivity to carbon has become an effective way
for the modification of carbon based materials to alter their nano-
structures and properties [14-20]. Kim et al. [17] studied oxygen
plasma etching induced bond structural evolution of a single layer
graphene, and an increasing level of disorder indicated a struc-
tural change from a graphene lattice to a more amorphous carbon
phase. Jiang et al. [18] reported that oxygen plasma preferentially
etched the soft graphite-like sp? clusters in sp3 and sp? carbon net-
work. Zheng et al. [19] reported that the etching of diamond films
in an oxygen plasma led to a decrease of surface roughness due
to the joint action of physical and chemical etching. Our previous
work [20] has proved the oxygen plasma etching could improve the
scratch resistance of carbon films. Therefore, for the GSEC film, the
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Fig. 1. Schematic diagram of (a) deposition of the GSEC film and (b) oxygen plasma etching (mainly O*, O,* and Ar*) process of the GSEC film. (For interpretation of the

references to color in the text, the reader is referred to the web version of this article.)

oxygen plasma etching may be an effective modification approach
to not only smooth the surface but also improve the mechanical
and tribological properties.

In this study, an oxygen plasma etching technique in ECR plasma
processing system was proposed as a potential method for improv-
ing the tribological properties of the GSEC film. The oxygen plasma
treated GSEC film was fabricated by sequential GSEC film deposi-
tion and oxygen plasma etching for three times. The nanostructure,
surface roughness, mechanical and tribological properties of the
GSEC film and the oxygen plasma treated GSEC film were compared
for clarifying the effect of oxygen plasma etching and understand-
ing the mechanism of tribological property enhancement.

2. Experiments
2.1. Deposition and oxygen plasma treatment of GSEC film

A mirror confinement ECR plasma processing system was used
for the fabrication and the plasma treatment of the GSEC film. Full
details of the system have been reported in our previous works
[13,21]. Fig. 1 shows the schematic diagram of the film deposi-
tion and the oxygen plasma etching procedure. Silicon substrate
was cleaned in acetone and ethanol bath successively by ultra-
sonic wave and then fixed onto the substrate holder. The chamber
was evacuated to the pressure of 3 x 10~ Pa, and working gas was
introduced keeping the working pressure to be 0.04 Pa. ECR plasma
was generated when the 200 W microwave and the magnetic field
were applied, and the electron momentum at the magnetic mir-
ror position (blue dashed lines in Fig. 1) was zero. Then, electron
irradiation and ion irradiation were realized by applying a positive
and a negative bias voltage on the substrate holder, respectively.
Fig. 1(a) presents the GSEC film deposition process, and the work-
ing gas was argon. With a target discharge voltage of —300V, argon
ions were attracted to the carbon target to sputter the target sur-
face, providing carbon atoms for the film growth. At the same time,
a low energy electron irradiation (100 eV) was realized by apply-
ing a substrate bias voltage of +100V, and the electron irradiation
density was 72 mA/cm?. The deposition rate of carbon film was
about 8 nm/min. After that, as shown in Fig. 1(b), oxygen and argon
gaseous mixture with oxygen gas concentration of 12% was injected
into the chamber to generate the oxygen plasma, and the target
voltage was set to zero. With a substrate bias voltage of —100V,
the O*, O,* and Ar* were extracted to etch the as-deposited carbon
film, and the etching thickness was 40 nm in 1 min. In this study, the
GSEC film was firstly deposited for 15 min and the film thickness
was around 120 nm. Then this carbon film was etched by oxygen
plasma for 1 min and the film thickness decreased to around 80 nm.
By repeating this sequential film deposition and plasma etching
process for three times, the oxygen plasma treated GSEC film with
thickness of around 240nm was obtained. The GSEC film with

comparable thickness was fabricated through 30 min film depo-
sition for comparison.

2.2. Film characterization

The nanostructures of the carbon films were directly observed
by a JEM-2100 transmission electron microscope (TEM) operated
with the electron acceleration voltage of 200kV. TEM specimens
for the cross-sectional view were prepared by mechanical polish-
ing and argon ion beam milling. Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) tests were conducted to fur-
ther analyze the nanostructural changing caused by oxygen plasma
etching. Raman spectra between 1100cm~! and 3500cm~! were
recorded by HORIBA HR800 laser confocal Raman spectrometer
with the excitation laser length of 514nm. An AXIS ultra DLD
multifunctional XPS with a monochromatic Al Ko X-ray source was
used to analyze the chemical compositions and bonding configura-
tions.

The surface morphologies were characterized by an Innova
atomic force microscopy (AFM) system with scan size of
5pum x 5 wm, and the measurements were repeated three times
on each sample. The nanoindentation tests were performed using
a Hysitron TI 900 Triboindenter equipped with a 200-nm-radius
Berkovich diamond tip on the carbon films. A quartz standard sam-
ple was used for calibration. The maximum load was 1 mN. The
hardness was calculated by Oliver-Pharr method. Three measure-
ments on different positions of the film were repeated to ensure
the experimental accuracy. A Bruker Dimension Edge scanning
probe microscope (SPM) system was employed to compare the
scratch behavior of the carbon films. Each sample surface was lat-
erally scratched at three different locations with a 40-nm-radius
diamond tip at a normal load of 40 wN, and then the scratched
surfaces were scanned with the same tip. Then at eight different
positions of these three scratch tracks, the cross-sectional topogra-
phies across the scratches were measured to calculate the mean
value and standard deviation of the scratch depth. The scratch
resistance was evaluated by comparing the scratch depths of dif-
ferent carbon films. A Pin-on-Disk Tribometer was used to study
the tribological properties of the carbon films. The tribotests of
the carbon films sliding against a Si3N4 ball (radius of 3.17 mm)
were performed with normal load of 2N, disk rotational speed
of 180rpm and frictional radius of 1.4 mm. Five measurements
were repeated on each sample. All tribological tests were oper-
ated at room temperature (24-25°C) and a relative humidity of
40-60%.

In order to study whether the oxygen plasma etching could
affect the electrical and magnetic properties of the GSEC film, the
electrical resistivity of the carbon films was measured by four-
point-probe method, and the magnetization measurements were
carried out with a Quantum Designs MPMS-XL7 superconductivity
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Fig. 2. Cross-sectional TEM images of (a) GSEC film and (b) oxygen plasma treated GSEC film. (For interpretation of the references to color in the text, the reader is referred

to the web version of this article.)

quantum interference device (SQUID) magnetometer at 300 K with
an applied magnetic field of between —10kOe and 10 kOe.

3. Results
3.1. Nanostructure

Fig. 2 presents the cross-sectional TEM images of the GSEC film
and the oxygen plasma treated GSEC film. In Fig. 2(a), the film thick-
ness was around 240 nm and the film surface was rough containing
a lot of asperities. In the enlarged view (blue frame in Fig. 2(a)),
it can be seen that graphene sheets distributed uniformly in the
amorphous carbon matrix and vertically oriented to the substrate
surface. In Fig. 2(b), the thickness of the oxygen plasma treated
GSEC film was 240 nm, comparable to that of the GSEC film. And the
film surface was smoother without apparent asperities. This film
was divided into three parts, and every part contained one bright
zone and one dark zone with total thickness of about 80 nm. The
three parts corresponded to the three-time oxygen plasma etch-
ing processes. Owing to the fact that the plasma etching could only
affect the uppermost layer [22], the lower bright zone exhibited
the same nanostructure with the GSEC film, containing vertically
oriented graphene sheets, and was named as the graphene sheets
embedded zone. While the upper dark zone with thickness of
around 3 nm was restructured by the oxygen plasma etching and
named as the restructured zone. The change of image contrast in
the restructured zones suggested that these zones possessed the
higher density than the graphene sheets embedded zones [23].
These phenomena indicate that the oxygen plasma etching does
not change the nanostructure of the graphene sheets embedded
zones and just restructure the 3 nm thick zones.

In order to further explore the nanostructural changing in the
restructured zones, Raman spectroscopy tests were performed to
analyze the graphene nanocrystallite size in the carbon films. Fig. 3
shows the Raman spectra of the GSEC film and the oxygen plasma
treated GSEC film. The peaks at around 1350cm~!, 1580cm1,
2700cm~! represent D band, G band, 2D band, respectively. And
the D band and G band were fitted with a Lorentzian peak and a

D
GSEC film

|llII ‘Ilf
|
U o 2

Oxygen plasma treated
GSEC film

I A

|I I' II I|I
_,/ N L {DVG)=1.37

2000 2500 3000 3500
Raman shifts (em™)

Intensity (arb. units)

1500

Fig. 3. Raman spectra of GSEC film and oxygen plasma treated GSEC film.

Breit-Fano-Wagner (BFW) peak, respectively [24]. Compared with
the GSEC film, the D band and G band of the oxygen plasma treated
GSEC film were a little broader and the intensity ratio of D band and
G band Ip/I; decreased from 1.55 to 1.37, indicating the graphene
nanocrystallite size in the restructured zones decreases slightly. It
should be pointed out that the changes in band widths and Ip/Ig
caused by plasma treatment were not large, which was because
Raman spectroscopy tests with the large laser penetration depth
reflected the average size of graphene nanocrystallites in whole
carbon films and the restructured zones were only around 4% of
the whole oxygen plasma treated GSEC film. Hence the intrinsic
change of the graphene nanocrystallite size in the restructured
zones caused by oxygen plasma etching is expected to be much
larger.

Owing to the shallower measurement depth of a few nanome-
ters, XPS tests were performed to specify the changes of chemical
composition and bonding configuration in the restructured zones.
The XPS survey spectra of carbon films showed that the O/C atomic
ratios of the GSEC film and the oxygen plasma treated GSEC film
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Fig. 4. C 1s XPS spectra of (a) GSEC film and (b) oxygen plasma treated GSEC film. (black dots: original data; red lines: the peak fitting curves; blue lines: five components).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

were 0.02 and 0.10, respectively. Itindicates that in the restructured
zones, there could be more oxygen atoms adsorbed and bonded
with the carbon atoms. To examine the bonding configuration
change caused by oxygen atom incorporation, the C 1s XPS spec-
tra were fitted by five Gaussian-Lorentzian components after the
inelastic scattering backgrounds were subtracted using Shirley’s
method. The two main components around 284.5 and 285.3 eV cor-
respond to sp? and sp3 carbon hybridization. The remaining three
components around 286.5, 287.8 and 288.9eV are attributed to
C—0, (=0 and O0—C=0 [25-27]. The results are shown in Fig. 4.
According to the peak integrated area ratios of different bonds, the
contents of the five bond types in carbon films are also presented in
Fig. 4. The data showed that after oxygen plasma etching, the C=C
(sp?) content decreased from 73.1% to 53.3%, while the C—C (sp3)
content increased from 17.3% to 28.5%. And the C—O content also
increased from 5.2% to 11.7% obviously. These results demonstrate
that the oxygen plasma treatment induce the increase of the sp3
bond in the restructured zones.

3.2. Surface roughness

Fig. 5 shows the typical surface topographies of the carbon films.
In the GSEC film, the film surface was covered with numerous
asperities and the average surface roughness was 20.8 +1.1 nm.
Such large surface roughness could be attributed to the fact that
during the film deposition, the electron irradiation induced the
growth of graphene sheets, which has been reported to result in
surface roughing [8,9]. On the other hand, the electron bombard-
ment was insufficient to smooth the surface through displacing
carbon atoms, leading to considerable rough surface. After the
three-time oxygen plasma etching, the average surface roughness
of the carbon film decreased to 1.9+ 0.1 nm, less than one tenth
of the former. The reason was that the oxygen plasma with ion

kinetic energy of 100 eV could not only sputter carbon atoms within
surface asperities physically, but also react with asperity atoms
chemically. Therefore, it can be concluded that the oxygen plasma
treatment can etch protruding regions of the GSEC film and sig-
nificantly smooth the surface, which is also confirmed by TEM
observation.

3.3. Mechanical properties

After the oxygen plasma etching, the restructured zones had
higher sp3 bond fraction, which may show better mechanical prop-
erties. To evaluate the change of mechanical properties caused
by oxygen plasma treatment, nanoindentation and nanoscratch
tests were conducted on the carbon films. Fig. 6 presents the
typical nanoindentation load-displacement curves of the carbon
films. After calculation, the hardness of the GSEC film and the oxy-
gen plasma treated GSEC film were 2.3 4+ 0.1 GPa and 2.9+ 0.1 GPa,
respectively. Since the maximum penetration depth was beyond
one tenth of the film thickness, the value of hardness was consid-
ered as a combination of film and substrate. The result proves that
after oxygen plasma treatment, the hardness of the restructured
zones increases. Because the nanoindentation tests compared the
mechanical properties of the whole carbon films, and the restruc-
tured zones were only around 4% of the whole oxygen plasma
treated GSEC film, the hardness in the restructured zones caused
by oxygen plasma etching was expected to be much higher.

Fig. 7 presents an example of the cross-sectional topographies
across the scratches (as shown in inset of Fig. 7) of two carbon films
after the nanoscratch tests. As a consequence, the scratch depth of
the GSEC film was 64.5 + 5.4 nm, and the scratch depth of the oxy-
gen plasma treated GSEC film decreased to0 9.9 + 0.9 nm. It indicates
that the scratch resistance in the restructured zones is improved
significantly.

(a) GSEC film

(b) Oxygen plasma tread GSEC film

Fig. 5. Typical surface topographies of (a) GSEC film and (b) oxygen plasma treated GSEC film.
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3.4. Tribological properties

Fig. 8 shows one group of friction curves of the carbon films
among five measurements. For the GSEC film, the mean value
of the frictional coefficient was 0.11 and showed a sudden rise
after 760 cycles, which means the failure of the film. Such wear
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0.10

0.05
{1111 S S ——
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Fig.9. Magnetic hysteresis loops of GSEC film and oxygen plasma treated GSEC film.

resistance is unable to meet the use requirement in nano devices.
For the oxygen plasma treated GSEC film, the mean value of the
frictional coefficient was kept at about 0.11 and the film cannot be
worn out at 15,000 cycles. After five tribological tests, the mean
frictional coefficient, wear life together with temperature and rel-
ative humidity during each test are also presented in Table 1. The
results showed that the mean frictional coefficient of the GSEC film
was 0.1240.01, and its wear life was 930+ 390 cycles. After the
oxygen plasma treatment, the mean frictional coefficient of the
oxygen plasma treated GSEC film was 0.11 +0.01, and the wear life
of five measurements were all more than 15,000 cycles. That is, after
the oxygen plasma treatment, the frictional coefficient of the car-
bon film had no remarkable change, but the wear life dramatically
increased from 930 + 390 cycles to more than 15,000 cycles. There-
fore, it turns out that the oxygen plasma treatment can improve the
tribological properties of the GSEC film greatly.

The increase in the wear life of the carbon film after the oxygen
plasma treatment was suggested to be mainly related to two fac-
tors. First, the surface roughness of the oxygen plasma treated GSEC
film was less than one tenth of that of the GSEC film. In general, if
the carbon film is rougher, a higher level of mechanical interlock-
ing would take place between surface asperities and lead to higher
frictional losses [28]. Thus the smoother surface made the oxygen
plasma treated GSEC film get a longer wear life. Second, after the
oxygen plasma etching, the hardness and scratch resistance in the
restructured zones were improved significantly. The enhancement
in mechanical properties could play an important role in the ability
of the carbon film to carry load and hence resist wear, extending
the wear life of the film. Thus the combined effect of the lower sur-
face roughness and the enhanced mechanical properties made the
oxygen plasma treated GSEC film possess a much longer wear life
in comparison with the GSEC film.

4. Discussions

The GSEC film has been proved to have high electrical conduc-
tivity and strong magnetism [11,12]. In order to further explore
whether the oxygen plasma treatment weakened these properties,
the electrical resistivity and saturation magnetization of the car-
bon films were compared. The electrical resistivity of the GSEC film
was 0.015 2 cm. After the oxygen plasma treatment, the electri-
cal resistivity of the film was 0.017 2 cm, almost no change. It was
because after the plasma etching, the graphene sheets embedded
zones were still in the majority, which play a significant role in
conducting electricity. The magnetic hysteresis loops of the car-
bon films are presented in Fig. 9. For the GSEC film, the saturation
magnetization was 0.10 emu/g. After the oxygen plasma treatment,
the saturation magnetization of the film increased to 0.14 emu/g.
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Table 1
Mean frictional coefficient, wear life together with temperature and relative humidity of five tribological tests on GSEC film, and oxygen plasma treated GSEC film.
Sample GSEC film
1 2 3 4 5
Mean frictional coefficient 0.11 0.11 0.14 0.12 0.13
Wear life (Cycles) 760 830 490 1520 1070
Temperature (°C) 25 25 25 24 25
Relative humidity (%) 53 50 54 53 48
Sample Oxygen plasma treated GSEC film
1 2 3 4 5
Mean frictional coefficient 0.11 0.12 0.12 0.11 0.11
Wear life (Cycles) >15,000 >15,000 >15,000 >15,000 >15,000
Temperature (°C) 25 25 25 25 25
Relative humidity (%) 53 50 53 53 49

The strong magnetism of the GSEC film was ascribed to the spin
magnetic moment at the graphene sheet edges in nanocrystallites,
and small size but dense nanocrystallites were beneficial for strong
magnetization since they provided a large amount of graphene
sheet edges [29]. The slight increase in saturation magnetization
was inferred to result from the more graphene sheet edges in the
restructured zones induced by the smaller graphene nanocrys-
tallite size. Therefore, the oxygen plasma treatment retains the
outstanding electrical and magnetic properties of the GSEC film.

5. Conclusions

For improving the tribological properties of the graphene sheets
embedded carbon (GSEC) film, the 3 nm thick graphene nanocrys-
tallite films were implanted in the film by the oxygen plasma
etching technique during the film deposition. The oxygen plasma
etched film showed much smoother surface, higher hardness,
higher nanoscratch resistance and longer wear life than the un-
etched GSEC film. The origin of these improved properties was
ascribed to the 3 nm thick restructured film. In addition, the oxygen
plasma treated GSEC film retained the high electrical conductivity
and strong magnetism. These findings can be expected for fab-
ricating a nanostructured carbon film in possession of excellent
electrical, magnetic and tribological properties for potential appli-
cations in novel carbon based nano devices.
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