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A B S T R A C T

Fullerene-like hydrogenated carbon (FL-C:H) films that exhibit ultra-low friction and wear

in humid conditions have been the subject of extensive researches, but the structure–per-

formance relationship such as the evolution of FL structures under friction is not well

understood. We have prepared FL-C:H films with different FL content, and have addressed

a detailed investigation on the relationship. It is found that with the increase in FL content,

the friction and wear of FL-C:H films can reach as low as 0.011 and 1.48 · 10�8 mm3/Nm,

respectively. Examination of the corresponding wear tracks by Raman spectroscopy reveals

that not graphitization but friction-induced promotion of FL structures causes the ultra-

low friction and wear of FL-C:H films. We therefore claim that FL structures are in close

positive relations with the excellent tribological performance of FL-C:H films.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The low friction combination with high wear resistance of

amorphous carbon-based films has made their potential

application in a wide range for material surface protection

[1,2]. As it is known, the properties of materials are strongly

dependent on their micro- and nanostructures. For amor-

phous carbon-based films, designing special nanostructures,

such as fullerene-like (FL) [3–5], multilayer [6,7], and compos-

ite structures [8–10] provides other opportunities to signifi-

cantly enhance material properties at the macroscale. In

the past decades, FL carbon-based films, named for the

presence of highly curved graphitic structures as in C60

fullerenes, have been the subject of extensive researches,
due to their excellent mechanical and tribological properties.

The FL structures consisting of bent, cross-linked, and fre-

quently intersecting graphite sheets were first reported for

graphitic carbon nitride (CNx) [11] and later for pure carbon

(C) films [12] and hydrogenated carbon (C:H) films [3,5]. In

this study, fullerene-like hydrogenated carbon (FL-C:H) films

that have shown unique ultra-low friction behavior in humid

air are discussed. Structurally, the films are orderly and

primarily made of sp2-bonded carbon atoms. Chemically,

they are made of carbon and hydrogen. Regarding their syn-

thesis, they are mainly extracted from methane and/or

hydrogen gases in a discontinuous and periodical discharged

plasma growth environment by employing a high pulse bias

[3,5].
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Previous comparative tribological studies [5,13] with a-C:H

and FL-C:H films revealed significant differences in their fric-

tion and wear behaviors in humid air environments. Specifi-

cally, the FL-C:H films were shown to provide a wide friction

coefficient range (0.009–0.15) and long wear life, while the

a-C:H films provided higher friction coefficients (i.e., as high

as 0.4) and wore out quickly when tested in such environ-

ments. It seems that the lubrication of FL-C:H films stems from

three-dimensional sp2-based FL structures. However, the

mechanism responsible for their lubricity is not well under-

stood and scarcely reported; for example, how FL structures

might evolve under friction? Are they graphitized? How the

evolution might affect friction and wear behaviors of FL-C:H

films? Additionally, a serious challenge of the comparative

tribological studies is that in other studies, the friction coeffi-

cients of a-C:H films are measured to be in the similar range

(0.02–0.20) [14] with FL-C:H films in humid environments.

In this study, we have prepared FL-C:H films with different

FL content by varying flow rate of hydrogen gas and have pro-

vided a detailed investigation on the structure–performance

relationship between FL structures and tribological features.

Tribological behaviors of the FL-C:H films are obtained and

discussed in terms of the ultimate sliding interfaces. The

films with more FL structures exhibit lower friction. Espe-

cially, the films grown with the H2 flow rate of 5 SCCM have

the most FL structures and lowest friction and wear (0.011

and 1.48 · 10�8 mm3/Nm) in humid air. Besides, Raman spec-

troscopies of corresponding wear tracks show one additional

peak near 710 cm�1 that can be assigned to the curvature in

graphitic planes and carbon nano-onions as has been con-

firmed in other reports. The Raman fitting results reveal that

the odd ring fraction in the wear tracks is relatively higher

than that of the original FL-C:H films, indicating that more

FL structures generated in the tribological process. We there-

fore claim that the ultra-low friction and wear performances

of FL-C:H films stem from their own unique FL structures, and

not graphitization but friction-induced promotion of FL struc-

tures is responsible for excellent tribological performances.

2. Experimental

In this study, we used a direct current plasma chemical-vapor

deposition (dc-PECVD) method to produce hydrogenated FL

carbon films on Si (100) substrates. The films were about

500-nm thick and were derived from the mixed gases of

methane and hydrogen. The deposition conditions were as

follows: (1) applied dc negative voltage: 800 V; (2) gas flow rate:

CH4 = 10 SCCM, H2 = 0, 2.5, 5, 7.5, and 10 SCCM. Further details

of the deposition process can be found in [7]. The transmis-

sion electron microscopy (TEM) images and Raman spectra

of as-deposited films were revealed by transmission electron

microscope (FEI Tecnai F30, FEI, Eindhoven, The Netherlands)

and Raman spectrometer (Jobin-Yvon HR-800, Horiba/Jobin

Yvon, Longjumeau, France), respectively, with an excitation

wavelength of 532 nm. For TEM analysis, about 20-nm-thick

films grown under the above deposition conditions were pro-

duced on freshly cleaved NaCl wafers (single crystals), fol-

lowed by dissolution of the NaCl substrate with distilled

water and placed on Cu grids. No preparation treatments
involving ion beams or chemical etching were used, which

significantly reduced the possibility of introduction of micro-

structure artifacts. The chemical states of the films were

determined using a PHI-5702 multifunctional X-ray photo-

electron spectrometer (Physical Electronics Inc., USA) (XPS,

operating with Al-Ka radiation and detecting chamber pres-

sure of below 10�6 Pa). The friction behavior of the films

against Al2O3 balls (U5) was assessed on a reciprocating

ball-on-disc tribotester with a relative humidity (RH) of about

20%. All tests were performed under a load of 20 N, an ampli-

tude of 5 mm, and a frequency of 12 Hz. In order to help in the

interpretation, the a-C:H films were produced using the same

deposition method (bias voltage 500 V, CH4 30 SCCM, and

working gas pressure 27 Pa) for comparison.

3. Results and discussion

3.1. Characteristics of the as-deposited FL-C:H films

The presence of FL structures within carbon-based materials

is normally assessed by high resolution transmission electron

microscopy (HRTEM). Fig. 1 shows the HRTEM plane-view

images of the films deposited at different flow rates of H2. It

could be seen that the flow rate of H2 has an obvious effect

on the evolution of FL structures. The films grown with the

H2 flow rate of 0 SCCM exhibited a few straight and curved

graphitic planes embedded in amorphous structures. The

layer spacing was about 0.34 nm, which was in good agree-

ment with the layer spacing of the graphite face (0002) [15].

With the increase in H2 flow rate, more curved graphitic

planes emerged, and these planes had large radii of curvature

and formed parallel graphitic plane stacks about 2–3 nm in

diameter. When the flow rate was increased from 5 to

10 SCCM, these typical FL features [15,16] were more clearly

observed for the films. The HRTEM results proved evidently

the formation of FL structures in hydrogenated carbon films

prepared with a high flow rate of H2.

Raman spectroscopy is an effective way to distinguish the

microstructures of carbon films, especially, FL-C:H films. Usu-

ally, Raman spectrums of amorphous carbon films are charac-

terized by a G peak around 1560 cm�1, and a D shoulder peak

around 1380 cm�1 [17]. Specially, for FL-C:H films, the Raman

spectra can be well fitted by adding two extra peaks at

approximately 1260 and 1470 cm�1 that are attributed to the

curved graphitic structures [18–21]. Fig. 2 shows the Raman

spectra of the films grown under different flow rates of H2.

First, these Raman spectrums showed a similar profile but a

slight shifting of the G peak towards higher wave numbers

with the increase in flow rate of H2. The G peak shift was

indicative for the increase of sp2 content in these films. Sec-

ond, as compared with the Raman spectra of typical hydroge-

nated amorphous carbon films, a weak peak around

1200 cm�1 was present in the Raman spectra. The peak was

always accompanied with the appearance of FL structures,

as had been confirmed by the Raman spectra in FL-CNx
22

and FL-C:H films [3] Additionally, our films (in Fig. 1) showed

curved graphitic sheets. So, according to the HRTEM and

Raman results above, the Raman spectrums of the films

deposited by dc plasma chemical vapor deposition were sim-



Fig. 1 – HRTEM micrographs of the as-prepared films under different gas flow rates of H2. (a) 0 SCCM, (b) 2.5 SCCM, (c) 5 SCCM,

and (d) 10 SCCM.

Fig. 2 – Raman spectra of fullerene-like hydrogenated carbon

films grown with different gas flow rates of H2.

Fig. 3 – The fitted Raman spectra of fullerene-like

hydrogenated carbon films grown with the H2 gas flow rate

of 5 SCCM.
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ulated using four vibrational bands at 1248, 1362, 1473, and

1560 cm�1 (shown in Fig. 3) [18–21], three with A-type symme-

try (from five-, six-, and seven-membered rings) and one with

E-type symmetry (from six-membered rings). Fig. 4 shows the

fractional contribution of each vibrational frequency to the

Raman spectra as a function of the flow rate of H2. As the flow

rate increased, the fractions of 6E2g did not show any obvious

change, and the fraction of 7A1 was just on the opposite

tendency with 6A1g. However, the fraction of 5A1 increased
sharply when increased from 0 to 2.5 SCCM, decreased

monotonously when increased to 7.5 SCCM, and increased

sharply when at 10 SCCM. For pure carbon structures, accord-

ing to the atomic modeling envisaged by Townsend et al. [23]

and ‘‘squeezed chicken wire’’ model proposed by Alexandrou

et al. [24] curvature and interlinking in purely sp2-bonded

structure can all take place through randomly oriented pen-

tagonal and heptagonal rings or ‘‘defects.’’ That is to say, the

decrease or increase of the fraction of odd rings (five- and



Fig. 4 – Contribution to the carbon Raman band from the

vibrations of five-, six-, and seven-membered rings versus

the gas flow rate of H2. (A colour version of this figure can be

viewed online.)

Fig. 5 – XPS C 1s peaks of a-C:H films and FL-C:H films grown

with the H2 flow rate of 0 and 5 SCCM. The inset shows

HRTEM micrographs of a-C:H films. (A colour version of this

figure can be viewed online.)
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seven-membered rings) indicates the less or more curved

graphite sheets and FL structures in the films with the

increasing flow rate of H2. Especially when increased to

5 SCCM, the films have the most odd ring fraction (Fig. 4),

namely the most FL content.

We analyze the changes in these odd rings by considering

the growth compressive stress, due to the bombardment of

sufficiently energetic ions. The highly strained environment

within depositing FL-C:H films will force plane curvature in

an otherwise hexagonal structure, resulting in the evolution

of both five- and seven-membered rings. In return, the creation

of high pentatomic and heptatomic ring content easily leads to

lower compressive stress of FL-C:H films (in a manner

described elsewhere [21]). Before 5 SCCM, the promotion of

odd rings originated from ion bombardment occurs along with

the lower compressive stress; after 5 SCCM, the energetic ions,

especially, more hydrogen atoms, which enter into the sublay-

er, cause higher compressive stress [2] and induce the hydroge-

nation of sp2-bonded carbon, thus hindering the formation of

odd rings in depositing FL-C:H films. So at 5 SCCM, a tipping

point in structural changes is the result of the balance between

the above two effects. However, when more hydrogen atoms

enter into the sublayer, their excess energies are converted to

thermal energies and then the energies diffuse outwards by

thermal diffusion. In thermodynamics, pentatomic ring struc-

tures are more stable than heptatomic rings [25,26]. The pent-

atomic ring fraction consequently increases at 10 SCCM. But

this does not mean that the six-membered ring fraction is

decreasing (as shown in Fig. 4, the fractions of 6E2g and 6A1

change slightly at 10 SCCM), only that newly formed p-bonds

are grouping into pentatomic rings.

XPS was invoked for further investigation. The C 1s bind-

ing energies of pure graphite (284.3 eV) and diamond

(285.3 eV) measured at the same conditions were cited for

comparison. It could be seen that the C 1s core positions of

the films grown with the H2 flow rate of 0 and 5 SCCM were

more adjacent to the C 1s position of graphite, than that of

a-C:H films (Fig. 5). This result indicated that the films grown

at 0 and 5 SCCM had a higher sp2 content, and further proved

that the films had FL structures.
3.2. Friction behavior of FL-C:H films

Fig. 6 shows the friction coefficients of the FL-C:H films as a

function of sliding laps. All friction experimental results were

repeatedly performed for more than three times. Figs. 7 and 8

present the friction coefficients, wear rates, and odd ring frac-

tion as a gas flow rate of H2. The friction coefficients and wear

rates of the films changed in the opposite tendency of the

fraction of odd rings with the increase in gas flow rate of

H2. In a word, the films with more FL structures exhibited

lower friction and wear. Especially when increased to 5 SCCM,

the friction coefficient of the films with the most odd ring

fraction, namely the most FL structures, reached as low as

about 0.011, and the wear rate was 1.48 · 10�8 mm3/Nm in

humid air. These results provide strong evidence to support

the concept that ultra-low friction and wear of FL-C:H films

originate from their own unique FL structures.

3.3. Raman analysis on the wear track of FL-C:H films

Although FL-C:H films exhibit ultra-low friction and wear

under different conditions, the underlying tribological and

wear mechanisms operating at the sliding interfaces are not

fully understood yet. Buijnsters et al. [13] indicated that the

lubrication mechanism of the films was in close positive rela-

tions with a ‘‘graphitized’’ tribofilm on the counter-wear sur-

face. However, Zhang et al. [5] and Chen et al. [27] suggested

that the curved graphitic planes could eliminate the energetic

dangling bonds at the edge of the growing structure and thus

permitted weak interactions at the sliding contact faces. In

this study, we suggest that the ultra-low friction is caused

by the promotion of FL structures in the tribological process.

Fig. 9 shows the Raman spectrum taken at the centre of the

wear track of FL-C:H films grown without H2. As compared

with the Raman spectra of original FL-C:H films (observed in

Fig. 2), besides a weak peak around 1200 cm�1 originating

from curved and cross-linked graphitic structures [3,22] and

a peak at 850 cm�1 being related to amorphous SiC transition

layer between the film and Si substrate [28,29], a low peak

near 710 cm�1 appeared in the Raman spectrum. This peak



Fig. 6 – Friction coefficient of the FL-C:H films as a function of

sliding laps in the same test environment. (A colour version

of this figure can be viewed online.)

Fig. 7 – Friction coefficient and odd ring fraction of the FL-

C:H films as a function of gas flow rate of H2.

Fig. 8 – Wear rate and odd ring fraction of the FL-C:H films as

a function of gas flow rate of H2. The set shows 3D profiles of

the wear tracks on the FL-C:H films grown with the H2 flow

rate of 5 SCCM. (A colour version of this figure can be viewed

online.)

Fig. 9 – Raman spectrum taken at the centre of the wear

track of FL-C:H film grown without H2. (a) Raman spectra in

the region from 1000 to 2000 cm�1 are deconvoluted into

four peaks at 1248, 1362, 1473, and 1560 cm�1. (b) Magnified

wave number region from 200 to 1000 cm�1 in the Raman

spectrum of (a).

Fig. 10 – Raman spectrum taken at the centre of the wear

track of FL-C:H film grown with the H2 flow rate of 5 SCCM.

(a) Raman spectra in the region from 1000 to 2000 cm�1 are

deconvoluted into four peaks at 1248, 1362, 1473, and

1560 cm�1. (b) Magnified wave number region from 200 to

1000 cm�1 in the Raman spectrum of (a).
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was previously observed in the Raman spectra acquired from

the curvatures in graphitic planes and carbon nano-onions

[3,30–33]. To further study the change in the bonding

structures of the FL-C:H films in the tribological process, the

Raman spectrum of the wear track in the range of

1000–2000 cm�1 was decomposed into four Gaussian peaks

with wave numbers of about 1248, 1362, 1473, and
1560 cm�1. The odd ring fraction (�0.49) in the wear tracks

was relatively higher than that (�0.40 in Fig. 7) of the original

films. Combining with the preceding discussions (see Sec-

tion 3.1), this higher odd ring fraction of the wear track indi-

cated that more FL structures were generated in the

tribological process. Similarly, the low peak near 710 cm�1

was more obviously observed in the Raman spectrum taken

at the centre of the wear track of FL-C:H films, which was

grown with the H2 flow rate of 5 SCCM (Fig. 10) and had the

lowest friction and wear (0.011 and 1.48 · 10�8 mm3/Nm) in

humid air. Furthermore, the wear track of the films had odd

ring fraction of as high as �0.61, more than that of its original

films (�0.52 in Fig. 7). Herein, as discussed above, the addi-

tional peaks near 710 cm�1 and the higher odd ring fraction

of the wear track indicated the friction-induced promotion

of FL structures.
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However, the lubrication mechanism of the friction-

induced promotion of FL structures is different from the ‘‘fric-

tion-induced graphitization’’ mechanism. The core of the

graphitization mechanism is the increase of sp2 content under

friction, being regarded as the formation of crystalline graphite

in amorphous carbon films [34]. Thus, weak van der Waals

forces between the lamellar structures of graphite result in

low friction. The mechanism still has two significant inade-

quacies: (1) these lamellar structures cannot be detected in

graphitized layer by Raman spectroscopy [35–37], TEM [36,38],

and electron-energy loss spectroscopy [36] and (2) the lamellar

structures do not let graphite exhibit low friction in inert, dry,

or even humid environments. However, the common charac-

teristics of FL structures obtained in our FL-C:H films are the

presence of graphitic atomic arrangements with in-plane

curvature and the cross-link because of the presence of sp3 car-

bon, but not the lamellar structures. Moreover, the FL-C:H films

exhibit ultra-low friction and wear in humid conditions.

We expect that the preceding discussions will enrich the

understanding of lubrication mechanism of FL-C:H films.

4. Conclusion

We have prepared FL-C:H films with different FL content by

varying the flow rate of hydrogen gas. Tribological test

showed that the films with more FL structures exhibited

lower friction. Especially, the films grown with the flow rate

of H2 at 5 SCCM have the highest content of FL structures

and the lowest friction and wear (0.011 and 1.48 · 10�8 mm3/

Nm) in humid air. The corresponding Raman spectroscopy

of wear tracks showed one additional peak at 710 cm�1 and

a higher odd ring fraction than that of original films, indicat-

ing that the promotion of FL structures in the tribological pro-

cess. Our results provide strong evidence to support the

concept that FL structures are in close positive relations with

the excellent tribological performance of FL-C:H films.
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Characterisation of a-C: H and oxygen-containing Si:C: H
films by Raman spectroscopy and XPS. Diamond Relat Mater
2005;14(3–7):1051–6.

[30] Roy D, Chhowalla M, Wang H, Sano N, Alexandrou I, Clyne
TW, et al. Characterisation of carbon nano-onions using
Raman spectroscopy. Chem Phys Lett 2003;373(1–2):52–6.

[31] Roy D, Chhowalla M, Hellgren N, Clyne TW, Amaratunga GAJ.
Probing carbon nanoparticles in CNx thin films using Raman
spectroscopy. Phys Rev B 2004;70:035406.
[32] Wang Z, Zhang J. Deposition of hard elastic hydrogenated
fullerenelike carbon films. J Appl Phys 2011;109:103303.

[33] Blank VD, Buga SG, Dubitsky GA, Serebryanaya NR, Popov M
Yu, Sundqvist B. High-pressure polymerized phases of C60.
Carbon 1998;36:319.

[34] M’Ndange-Pfupfu A, Eryilmaz O, Erdemir A, Marks LD.
Quantification of sliding-induced phase transformation in
N3FC diamond-like carbon films. Diamond Relat Mater
2011;20(8):1143–8.

[35] Liu Y, Erdemir A, Meletis EI. A study of the wear mechanism
of diamond-like carbon films. Surf Coat Technol
1996;82:48–56.
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