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Abstract.

Multilayer fullerene-like hydrogenated carbon (FL-C:H) films were synthesized by using the chemical vapour

deposition technique with a different flow rate of methane. The typical fullerene-like structure of as-prepared films was
investigated by using transmission electron microscopy and Raman spectra. The prepared multilayered FL-C:H films showed
a high elastic recovery (~90%), ultra-low friction coefficient (~0.019) and low wear rate (~3.0 x 10~ mm? Nm™1) in

humid air.
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1. Introduction

In recent years, the fullerene-like hydrogenated carbon (FL-
C:H) films have been the focus of an ever increasing amount
of research as a promising super-lubrication material [1,2].
The fullerene (FL) structured films have been synthesized by
a variety of methods including magnetron sputtering [3], low
energy ion beam deposition [4] and pulse plasma-enhanced
chemical vapour deposition (PECVD) [5]. Of these methods,
pulse-PECVD is considered the best candidate because the
pulse power facilitates bombardment of energetic ions, which
promotes the formation of FL nanostructures [6]. Since the
FL structure is composed of curved and cross-linked graphite
sheets in a three-dimensional arrangement, films made by this
FL structure exhibit extremely low friction coefficient, promi-
nent wear resistance and high friction stability under constant
sliding at high pressure [5,6]. Recent studies in nanoscale and
macroscale showed that the FL structures achieve super-low
friction based on the theory of incommensurate contact slid-
ing against dual ball [7]. Since the FL structure can reserve
the elastic energy during distortion through reversible bond
rotation and bond angle deflection, the FL films display both
ideal stiffness and flexibility while reducing friction [8]. In
addition, curved graphite sheets can significantly reduce the
energetic dangling at the edge of the structure, which weakens
the interactions at sliding faces, therefore, an extremely low
friction is achieved [6].

On the other side, many researchers have reported that
annealing treatment [9], using various bias voltage [10] and
adding the catalyst [11,12] will have a significant impact on
FL structure. Many researchers have demonstrated that the
FL structure was dependent on the synthesizing conditions,
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such as annealing treatment [9], bias voltage during chemical
vapour deposition [10] and catalyst [11,12]. In our pre-
vious work, we successfully fabricated various monolayer
FL structure films with excellent performance by using the
PECVD technology [5,8]. Recently, the multilayer hydro-
genated amorphous carbon (a-C:H) film is gaining increased
interest since the multilayered structure can effectively reduce
stress [13,14], improve hardness [15,16] and reduce friction
[17,18]. Therefore, a multilayered nanostructure arranged in
a two-dimensional direction is more desired than a simple
mixture with carbon matrix.

In this work, we have produced FL-C:H films with a mul-
tilayered structure by using the pulse-PECVD method. The
novel structure was first characterized by transmission elec-
tron microscopy and Raman spectra to determine the quality.
Then the mechanical and tribological performance was mea-
sured.

2. Experimental

2.1 Films deposition

The pulse-PECVD method was applied to obtain multilayer
FL-C:H films on Si (100) substrates. The initial pressure
of the vacuum chamber was pumped to less than 9.9 x
10~* Pa. Silicon wafers were first cleaned in ethanol by
ultrasonic bath for 10 min before putting them into the vac-
uum chamber. After dying in air, the cleaned silicon wafers
were etched at a bias voltage of —1000 V and an argon
ion plasma pressure of 6.1 Pa for 30 min to remove the
native oxide surface of silicon. The films were deposited
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Table 1. Deposition parameters.

Sample S1 Ml M2 M3 S2

Pressure (Pa) 30 30/51 30.5/54  30.5/54 545

Current (A) 0.37 0.31/0.40 0.28/0.38 0.3/0.4 0.47

Thickness 1.406 1.661 1.708 191 2133
(pm)

at a power voltage of —1000 V, frequency of 79.6 kHz and
duty-cycle of 60% for 2 h. Monolayer film samples were
obtained by using a methane flow rate of 30 sccm and 60
sccm and were labelled as S1, S2, respectively. The multi-
layer films were also synthesized by using a methane flow
rate of 30 sccm and 60 sccm. According to the time ratio
of the multilayer film, samples were labelled as M1 (4/2
min), M2 (4/4 min) and M3 (4/6 min), respectively. The
layer number for M1, M2 and M3 is 40, 30 and 24, respec-
tively. The detailed deposition conditions are summarized in
table 1.

2.2 Characterization of films

The sample thickness was measured by using the cross-
sectional scanning electron microscope (SEM) images (JEOL
JSM-6701F and S-4800). The structure of the FL-C:H
films were observed by high-resolution transmission electron
microscopy (HRTEM, JEOL 2010) operated at 200 kV. The
HRTEM samples were obtained by depositing the films on a
NaCl substrate followed by dissolving the NaCl substrate with
water. Micro-Raman backscattering spectra of the samples
were recorded on a LabRam HR800 spectrometer (HORIBA
Jobin Yvon, France) with Ar laser as the excitation source
at 532 nm (2.3 eV). Laser power was carefully controlled to
avoid any heating damage to the samples. Nanoindentation
tests of the samples were tested (XP) using a computer-
controlled Hysitron Ub1 nanoindenter with depth limit of 150
nm as a unity. The films were tested on the surface approach
sensitivity as 40%. All nanoindentation tests were carried out
at room temperature (20°C) with a relative humidity of 30%.
A total of nine indentations were performed for each film.
An elastic recovery of the samples can be determined qualita-
tively by using the indentation load—unload curve. The elastic
recovery was calculated by using the following formula (equa-
tion 1) [19]:

dmax - d

R= = x 100% ey

Tes

Where, R is the elastic recovery, dp.x is the displacement at
maximum load and d,.s is the residual or plastic displacement
after removing the load. Friction test was conducted using
a ball-on-disc reciprocating the tribometer (MFT-R4000).
All tests were performed at room temperature with a rel-
ative humidity of 40-50%. The mating balls (5 mm steel
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ball) were cleaned with acetone in an ultrasonic cleaner
before each test. The reciprocating amplitude was 5 mm
and the average sliding speed was 100 mm s~!. The cor-
responding wear scar morphologies of the samples were
observed on a MAX3D surface profiler and the wear volume
of the samples was calculated by measuring the cross-
sectional area at three different locations along the wear
track.

3. Result and discussion

3.1 HRTEM and cross-sectional SEM images

Figure 1a and b shows the HRTEM images of samples S1 and
S2, respectively. The long-range order patterns of S1 and S2
can be clearly observed, indicating the existence of the FL
nanostructures in the film [2,20]. Moreover, the layer spacing
of ~0.34 nm, which is the same as the interlayer spacing of
graphite [20], further confirms the existence of fullerene-like
structure in the films.

The cross-sectional SEM images of the films are shown
in figure 2. The films appear to be very dense without any
defects. SEM images of monolayer samples S1 and S2, seen
in figure 2a and b, show an average thickness of ~1.406 and
~2.137 um, respectively. The cross-section of the multilayer
samples M2 and M3 exhibits layers of various thickness (fig-
ure 2c and d), suggesting that the growth rate is low at the
beginning, increases in the middle and slows down in the end.
When compared with M3, M2 displays more layers, which is
due to the experiment design.

3.2 Raman spectra

Raman spectrum is widely used to study the quality of car-
bon films. The Raman spectra of the samples are shown
in figure 3a. For the diamond-like carbon (DLC) film, the
Raman spectra can be fitted by two Gaussian peaks at about
1580 cm™! (G peak) and 1350 cm~! (D peak). The G peak is
due to the bond stretching of sp> atoms in both aromatic rings

Figure 1. HRTEM images of the as-prepared samples: (a) film S1
and (b) film S2.
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Figure 2. SEM cross-section images of monolayer (a) S1 film, (b) S2 film and multilayer (¢) M2
film and (d) M3 film.
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Figure 3. (a) Raman spectra of different samples and (b) the fitted Raman spectra of sample M2.

and chains, while the D peak is attributed to the breathing
modes of sp? atoms only in aromatic rings [21]. The Raman
spectra of the FL-C:H films can be well fitted by adding two
extra peaks at 1260 and 1470 cm™' which can be attributed
to the bent and cross-linked graphitic structures [9,21,22].
Therefore, the Raman spectrum of sample M2 (figure 3b)
was fitted by four vibrational bands at 1260, 1383, 1470 and
1560 cm™!, corresponding to the A-type symmetry of five-,
six- and seven-membered rings and E-type symmetry of

six-membered rings, respectively [22]. Furthermore, the frac-
tional contribution of each vibrational frequency to the
Raman spectra is about 0.40 for each of the samples.
For pure a-C nanocomposite structures, the high odd ring
fraction induces the graphite clusters curvature and inter-
linking, which are the key to fullerene-like structure for-
mation [23]. The Raman spectra, in accordance with the
HRTEM images, indicate the successful synthesis of the FL.
structure.
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3.3 Mechanical properties

Figure 4 displays the compressive stress histogram of the FL-
C:H films. The sample S1 exhibits lower compressive stress
than sample S2. This can be attributed to the fact that during
the process of DLC, the films accumulate more heat as the
film thickness increases, which leads to higher compressive
stress [20]. Besides the film thickness, the compressive stress
is mainly determined by the structures of films.When com-
pared with the monolayer films, the multilayer films exhibit
lower compressive stress, because the grain growth of one
layer is restrained when another layer is deposited onto it,
which can lead to stress release during the compressive test
[24]. It can also be observed that M2 has the lowest compres-
sive stress among the multilayer samples. That is because
multilayer films design, which sets middle transition layers,
evidently reduces the compressive stress based on increasing
the interface’s number. It is beneficial to absorb more energy
from the hard layers so as to lower compressive stress in the
multilayer films [25].
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Figure 4. Compressive stress histogram of as-deposited films.
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The importance of using multilayer structure films in estab-
lishing the excellent mechanical properties are demonstrated
in figure 5. The results of mechanical tests are shown in
figure 5. Owing to the FL structure, all the FL films show
higher hardness and electric modulus than amorphous carbon
film and the mechanical properties increase as the content of
FL structure increases in the film (figure 5a) [26-28]. The
hardness of multilayer films is in the range of 18-21 GPa.
The highest hardness (21 GPa) and elastic modulus (160 GPa)
are observed for sample M2. Owing to the introduction of a
large number of interfaces, which can lead to the hardening
effect, the multilayer films all showed higher hardness and
elastic modulus than monolayer films [29]. As shown in fig-
ure 5b, the elastic recovery and hardness have same trends
and all samples are present in the high elastic recovery value
from 84 to 90%. Moreover, the monolayer FL-C:H films
have lower elastic recovery than the multilayer FL-C:H
films.

3.4 Tribological performance

Figure 6 shows the tribological curves and wear rate of the
films. Three trials were carried out for each sample. The fric-
tion co-efficients and wear rates of the films changed in the
same tendency. The lowest friction coefficient (0.019) and
wear rate (3.0 x 1072 mm? Nm™") could be obtained for M2
film. The three-dimensional images of the wear tracks and
cross section profile of films were shown in figure 7. After
30 min friction test, the width of wear tracks for all sam-
ples is about 100 pm and the depth of wear tracks for the
samples S1, M1, M2, M3 and S2 were about 250, 180, 100,
150 and 200 nm, respectively. As the FL nanostructure can
significantly enhance the stability and provide lubrication in
humid environment, the multilayer films showed excellent
friction properties [4,30,31]. Moreover, multilayer films with
more FL structures, which showed excellent hardness and
elastic recovery, can significantly improve the stability and
deformation recovery of the film, thus resulting in a low wear
rate.
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Figure 5. (a) Hardness, elastic modulus and (b) elastic recovery of the samples.
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Figure 6. (a) Friction coefficient curves and (b) the average friction coefficient and wear rate of samples.
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Figure 7. The 3D images and cross-section profile of the wear tracks of the samples: (a) S1, (b) M1,
(c) M2, (d) M3 and (e) S2.

EEeLezt

(r-tupN o, pf) et I

1033



1034

4. Conclusions

The multilayer FL-C:H films with an elastic recovery of
90% and a friction coefficient of 0.019 were synthesized
by using the pulse (pulse-PECVD). Owing to the syner-
gic effect of multilayered and FL structure, the multilayer
film exhibited lower compressive stress (0.45 GPa), lower
wear rate (3.0 x 107 mm? Nm~!) and higher elastic mod-
ulus (160 GPa) when compared to the monolayer films.
Owing to the facile preparation, remarkable hardness and
ultra-low friction coefficient, the multilayer FL-C:H film has
promising applications as super-lubrication material in the
industry.
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