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a b s t r a c t
An oxygen plasma etching technology to prepare ultrathin carbon coatings for magnetic disk in electron cyclotron resonance (ECR) plasma system was developed. In the preparation process, as-deposited carbon coatings
were etched by oxygen plasma to obtain re-structured carbon coatings. Scratch behaviors of the as-deposited
and re-structured carbon coatings on silicon substrates were evaluated by atomic force microscope (AFM)
scratch test. It was found that the scratch resistance of the re-structured carbon coating was improved. Then
X-ray photoelectron spectroscopy (XPS) analysis showed that after oxygen plasma etching, the C_C (sp2)
content decreased from 55% to 17%, the C\C (sp3) content increased from 33% to 58% and the C\O content increased from 7% to 18%. It indicated that the oxygen plasma etching induced the increase of the sp3 bonding
carbon, which contributed to the improved scratch resistance. Further transmission electron microscope
(TEM) observation was conducted and the rising of the scratch resistance was inferred to be caused by the formation of the interlayer cross-linking after preferentially breaking the sp2 bond. Based on the above results,
the ultrathin re-structured carbon coatings by oxygen plasma etching were prepared on uncoated magnetic
disk substrates and showed a better scratch behavior and a comparable surface roughness in comparison with
the commercial magnetic disk.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The storage density of magnetic media increases exponentially with
the decrease in the magnetic spacing [1–6]. Decreasing the thickness of
carbon protective coating is an effective way to reduce the magnetic
spacing. The reduction of magnetic spacing can also be achieved by
decreasing the ﬂying height. However, the ﬂying height reduction will
increase the possibility of the accidental contacts of head/disk and
slider/asperities, which can generate problems of collision and mechanical scratch [7], and thus the high scratch resistance and smooth surface
are required for the carbon protective coating. Therefore, the preparation of ultrathin carbon protective coating with high scratch resistance
and low surface roughness for magnetic disk becomes an important
issue.
The ultrathin carbon coating for magnetic disk application is usually
prepared by physical or chemical vapor deposition. During deposition,
to ensure the formation of a continuous coating, the carbon phase
must nucleate everywhere on the substrate, and at the same time the
carbon species cannot move across the substrate to form islands and
leave some parts of the substrate uncovered [8]. These requirements
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are satisﬁed by the use of a deposition ﬂux with high ionization rate
and appropriate energy, limiting available deposition methods and
preparation parameters. For example, the conventional magnetron
sputtering method is unable to deposit continuous coating as thin as
2 nm [2,3]. To solve the problem, plasma treatment by embedment of
C+ ions into surface has been reported to allow sub-surface coating
growth and formation of protective coatings thinner than 2 nm [5,9,
10]. In addition, plasma treatment by atomic scale etching of asdeposited coating is also an effective way to obtain such a coating.
For physical etching, the displacement threshold energy of carbon
substance with sp2 and sp3 allotropes is about 30–40 eV [11–13]. In
order to physically etch carbon atoms, high kinetic ion energy exceeding
the threshold energy is needed but higher kinetic ion energy will cause
heavier ion impingement on the treated magnetic disk surface. In
contrast, chemical etching can remove the surface carbon atoms
by chemical interaction at lower kinetic ion energy [14]. Therefore,
chemical etching is supposed to be an optimum choice.
Oxygen plasma with energetic oxygen species has been used to
modify carbon related materials [15–20]. Paredes et al. [17] suggested
that the graphite surface was observed to develop an amorphous character after oxygen plasma treatment. The modiﬁcation made the treated
graphite exhibit superior mechanical properties. Liou et al. [18] stated
that oxygen played an important role in diamond ﬁlm growth by
preferentially etching the non-diamond carbon, which was proved by
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the decrease of the graphitic component in the ﬁlm. Jiang et al. [19]
reported that oxygen ions preferentially etched the soft graphite-like
sp2 clusters in sp3 and sp2 carbon network. Cateledge et al. [20] also
suggested that oxygen in DLC helped to reduce non-diamond phase
such as graphite-like sp2 sites and enhance diamond-like sp3 sites.
Therefore, it can be inferred that the oxygen plasma etching has a
potential to increase the sp3 bonding carbon and improve the scratch
behavior of carbon coating.
In this paper, the oxygen plasma etching technology in ECR plasma
system was presented as a potential method to obtain ultrathin carbon
coatings for magnetic disk application. The scratch behaviors of carbon
coatings before and after oxygen plasma etching on silicon substrates
were compared by AFM scratch test. The chemical structures and nanostructures were examined by XPS and TEM for studying the mechanism
of the improved scratch resistance induced by oxygen plasma etching.
Finally, the ultrathin re-structured carbon coatings by oxygen plasma
etching were prepared on uncoated magnetic disk substrates, and the
scratch resistance and surface roughness were measured and compared
with those of the commercial magnetic disk.

2. Experimental method
2.1. Preparation of re-structured carbon coating by oxygen plasma etching
technology
A divergent ECR plasma processing system was used to prepare the
ultrathin re-structured carbon coatings by oxygen plasma etching. Full
details of the system have been reported in our previous works [21,
22]. The experimental procedure is shown in Fig. 1. First, the chamber
was evacuated to the pressure of 3 × 10−4 Pa, and argon was introduced
keeping the working pressure to be 0.04 Pa. ECR plasma was generated
when the microwave with power of 200 W was introduced and the
magnetic ﬁeld was applied. With a target discharge voltage of −300 V
and a substrate bias voltage of −5 V, the as-deposited carbon coating
was prepared (gray strip in Fig. 1(a)). After that, as shown in Fig. 1(b),
oxygen and argon gas mixture with oxygen gas concentration of 12%
was injected into the chamber to generate the oxygen plasma, and the
working pressure was 0.04 Pa. The target voltage was set to zero and a
substrate bias voltage of − 10 V was applied to etch the as-deposited
carbon coating. Then the re-structured carbon coating was obtained.
In the ECR plasma, not all of the ions had the same energy, but the
energy dispersion of the ions extracted was narrow and the upper end
of the energy proﬁle was short [23]. In this study, we calculated the
mean ion kinetic energy by considering the effects of plasma ﬂoating
voltage (about 0 V) and substrate bias voltage. Therefore, the mean
ion kinetic energy was 10 eV when substrate bias voltage of − 10 V
was applied.
For the ease of coating characterizations, the as-deposited and restructured carbon coatings were ﬁrstly prepared on p-type (100)
oriented silicon substrates to study the scratch behavior change induced
by oxygen plasma etching. In order to exclude the substrate effect on
scratch behavior comparison, large thickness coatings were used with
the deposition time of 20 min and the plasma etching time of 20 min.
For further evaluating the performance of the oxygen plasma etching
technology in magnetic disk application, the re-structured carbon coatings with small thickness were then prepared on uncoated magnetic
disk substrates. The substrate was obtained by etching away the original
carbon coating of the commercial magnetic disk with 50 eV ECR Ar
plasma. To ensure the complete removal of the original carbon coating
with the underlying magnetic layer intact, the etching time of 10 min
was determined when the surface electric resistance just decreased to
zero. In the whole preparation process, the substrate temperature was
below 100 °C, which was much lower than Curie temperature of the
magnetic recording media.

Fig. 1. Preparation procedure of (a) the as-deposited carbon coating by ECR plasma
sputtering and (b) the re-structured carbon coating by oxygen plasma etching.

2.2. Scratch test
A retroﬁtted AFM system (AutoProbe CP-R, Veeco) with a 100-nmradius Berkovich diamond tip (TI-0039, Hysitron) was developed to evaluate the scratch behavior of carbon coating. A manganese steel cantilever
(normal stiffness: 24.43 N/m) with a diamond tip ﬁxed at the free end
was mounted on the high-precision guide screw movement stage of the
AFM. The normal load was applied to the sample by driving the guide
screw to move in z direction and monitored by a strain-gauge force sensor
(KFG-1N-120-C1, Kyowa). Then with the normal load held constant, the
sample was laterally displaced for 150 μm at a speed of 6 μm/s controlled
by the AFM piezoelectric scanner. After that, an AFM (Innova, Bruker)
with a 2-nm-radius silicon tip (SNL-10, Bruker) was used to scan the
scratched surface in the contact mode. The scan direction was perpendicular to the scratch direction and the scratch depth was measured by the
cross-sectional topography across the scratch. By comparing the scratch
depths of different carbon coatings under the same normal load, the
scratch behaviors can be evaluated.
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In order to calibrate the test device, silicon (100) was scratched
under the normal load of 500 μN before and after every scratch test.
The almost constant scratch depth indicated that the diamond tip
wear was negligible and the data of scratch test were reliable.
2.3. Characterizations
In order to measure the deposition thickness and the etching thickness, part of the surface was pre-masked. After deposition and etching
procedures, the masks were removed and steps formed on the surface.
Then the steps were scanned by AFM in the contact mode to measure
the deposition thickness and etching thickness. The root mean square
(RMS) roughness was also obtained using AFM with an 8-nm-radius
silicon tip (RTESP, Bruker). The tests were operated in the tapping
mode with scan size of 1 μm × 1 μm, scan rate of 0.8 Hz and scan lines
of 256. The AFM noise was less than 0.03 nm in the vertical dimension.
The chemical compositions and bonding conﬁgurations of the asdeposited and re-structured carbon coatings were analyzed by an
AXIS ultra DLD multifunctional XPS with a monochromatic Al Κα Xray source. To compensate for surface charging, the binding energies
were referred to the Ar 2p3/2 peak which was introduced in the coating
preparation process [24]. The O/C atomic ratios were calculated after
correcting the relative peak areas by sensitivity factors. The C 1 s spectra
were ﬁtted by Gaussian–Lorentzian sum components after the inelastic
scattering backgrounds were subtracted using Shirley's method. The
oxidative state of the magnetic recording layer covered with the restructured carbon coating was also analyzed by XPS.
The nanostructures of carbon coatings were observed by a JEM-2100
TEM operated with the electron acceleration voltage of 200 kV. TEM
specimens for the cross-sectional view were prepared by mechanical
polishing and argon ion beam milling.
3. Experimental results
3.1. Oxygen plasma etching rate
In order to obtain the etching rate, AFM scan was conducted at the
step formed on the coating after oxygen plasma etching. According to
the results, when the etching time was 20 min, the step height was
around 9 nm suggesting the etching rate was around 0.45 nm/min. In
the oxygen plasma etching process, argon plasma etching as a physical
etching was a factor that cannot be ignored. In order to make clear the
effect of oxygen and argon, carbon coating was etched by pure argon
plasma with the same ion kinetic energy of 10 eV. It was found that
the etching rate measured was zero. The reason was that the ion kinetic
energy of 10 eV was too low to sputter the carbon atoms physically.
Hence it was believed that in the oxygen plasma etching process, the
chemical interaction between oxygen and carbon atoms played a
major role in removing the surface carbon atoms in the form of CO or
CO2 [25,26]. The oxygen plasma etching with ion kinetic energy of
10 eV as a chemical etching could remove the surface carbon atoms
and get ultrathin coatings easily.

Fig. 2. Three dimensional images of the scratched surface of (a) the as-deposited carbon
coating and (b) the re-structured carbon coating under the normal load of 800 μN. (c)
Cross-sectional topographies across the scratches of two carbon coatings.

deposited carbon coating, indicating that the scratch resistance of the
re-structured carbon coating by oxygen plasma etching was improved.
The thicknesses of the as-deposited and re-structured carbon coatings measured by AFM were about 80 nm and 70 nm, respectively. In
the scratch tests, as the maximum scratch depth around 3.5 nm was
lower than one tenth of coating thickness, the scratch results were not
affected by substrates and could reﬂect the intrinsic scratch behavior
of carbon coatings.

3.2. Scratch resistance
When the normal load of 800 μN was applied, the three dimensional
images of the scratched surfaces of the as-deposited and re-structured
carbon coatings on the silicon substrates are presented in Fig. 2(a) and
(b). Clear scratch tracks can be seen from the images. Fig. 2(c) compares
the scratch depths of the coatings and shows that the scratch depth
decreased from 3.5 nm to 2.3 nm after oxygen plasma etching. The
scratch depths of carbon coatings under the normal loads of 400 μN,
600 μN and 800 μN are presented in Fig. 3. In both of the carbon coatings,
the depth approximately increased linearly as the normal load increased. And under all measured normal loads, the scratch depths of
the re-structured carbon coating were lower than those of the as-

Fig. 3. Scratch depths of the as-deposited and re-structured carbon coatings under different normal loads of 400 μN, 600 μN and 800 μN.
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Fig. 4. XPS survey spectra of carbon coatings.

3.3. Chemical structure evolution
In order to study the scratch resistance rising mechanism, XPS tests
were performed to specify the chemical structure evolution of carbon
coatings induced by oxygen plasma etching.
Fig. 4 shows the XPS survey spectra of the as-deposited and restructured carbon coatings. The main peaks observed at 285 and
531 eV are due to photoelectrons excited from the C 1 s and O 1 s levels,
respectively. In the as-deposited carbon coating, the O/C atomic ratio
was 0.011. After oxygen plasma etching, the ratio increased to 0.108.
In other words, the oxygen content of the re-structured carbon coating
was larger than that of the as-deposited carbon coating. Hence, in the
re-structured carbon coating, there could be more oxygen atoms
adsorbed and bonded with the carbon atoms.
To examine the bonding conﬁguration change caused by oxygen incorporation, the C 1 s XPS spectra of the as-deposited and re-structured
carbon coatings were decomposed into ﬁve components. The two main
components around 284.6 and 285.4 eV correspond to sp2 and sp3 carbon hybridization. The remaining three components around 286.7,
288.1 and 289.2 eV are attributed to C\O, C_O and O\C_O [27–29].
The results are shown in Fig. 5. According to the peak integrated area ratios of different bonds, the contents of the ﬁve bond types in carbon
coatings are presented in Table 1. These data showed that after oxygen
plasma etching, the C_C (sp2) content decreased from 55% to 17%,
while the C\C (sp3) content in carbon coating increased from 33% to
58%. And the C\O content also increased from 7% to 18% obviously.
These results indicated that the oxygen plasma etching induced the
increase of the sp3 bond, which promoted the improvement of the
mechanical properties of the coating remarkably. Therefore, the scratch
resistance of the re-structured carbon coating etched by oxygen plasma
was better than that of the as-deposited carbon coating.
3.4. Application of oxygen plasma etching technology to carbon coating for
magnetic disk
Re-structured carbon coatings with different thicknesses ranging
from 0 to 7.3 nm were prepared on the uncoated magnetic disk substrates to explore the application of oxygen plasma etching technology
to carbon protective coatings for magnetic disk. The scratch depths of
the re-structured carbon coatings with different thicknesses under the
normal load of 300 μN are presented by the blue dots in Fig. 6. When
the coating thickness was less than 2 nm, the scratch depths were 3–
6 nm, which means the magnetic layer has been damaged and the demagnetization of the magnetic disk occurred [7]. When the thickness

Fig. 5. C 1 s XPS spectra of carbon coatings (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.)

increased to 2.5–3.5 nm, the scratch depths were kept at about
1.5 nm, which was less than the coating thickness, and thereby the magnetic layers were protected from damage. For comparison, the scratch
depth of the commercial magnetic disk under the normal load of
300 μN was also measured. The commercial magnetic disk contained a
2–3 nm carbon coating [4] and a lubricant layer. The lubricant layer
was fully removed by 10 eV ECR Ar plasma etching before test. According to the result, the depth was about 2.5 nm (red square in Fig. 6). Thus,
it can be concluded that the re-structured carbon coatings with thickness of 2.5–3.5 nm had a better scratch behavior than the commercial
magnetic disk. With a comparable scratch depth to the commercial
magnetic disk, the thickness of the re-structured carbon coating could
be decreased to 1.5–2 nm, so that the thinner protective coating could
be provided for higher storage density magnetic recording media.
Fig. 7(a) and (b) shows the surface topographies of the commercial
magnetic disk and the re-structured carbon coating on the uncoated
magnetic disk substrate, respectively. The RMS roughness of the restructured carbon coating was 0.11 nm, which was comparable to that
of the commercial magnetic disk surface (0.13 nm). The results indicated that the oxygen plasma etching technology could meet the surface
roughness requirement for magnetic recording media.

Table 1
Bond contents of carbon coatings.
Bond type

2

C_C (sp )
C\C (sp3)
C\O
C_O
O\C_O

Content
As-deposited carbon coating

Re-structured carbon coating

0.55
0.33
0.07
0.01
0.04

0.17
0.58
0.18
0.02
0.05
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Fig. 6. Scratch depths of the re-structured carbon coatings with different thicknesses (blue
dots) and the commercial magnetic disk with 2–3 nm thick carbon coating (red square)
under the normal load of 300 μN. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

In order to further explore whether the oxygen atoms diffused
through the carbon coating to the magnetic recording layer and
oxidized it, the oxidative state of the magnetic layer covered with re-
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Fig. 8. Co 2p XPS spectra of the commercial magnetic disk and the magnetic disk with 2 nm
re-structured carbon coating.

structured carbon coating was studied by XPS. Fig. 8 shows the Co 2p
XPS spectra of the commercial magnetic disk and the magnetic disk
with 2 nm re-structured carbon coating. It was found that the magnetic
recording layer covered with re-structured coating showed the narrow
Co 2p3/2 peak comparable to the commercial magnetic disk, indicating
that the cobalt still existed in the metallic state [5]. Therefore, the
oxygen plasma treatment did not change the structure of the magnetic
recording layer.
In summary, the oxygen plasma etching technology can be used to
prepare ultrathin carbon coatings with high scratch resistance, low
surface roughness and good protection for the magnetic recording
layer from oxidation for magnetic disk application.
4. Discussion

Fig. 7. Surface topographies of (a) the commercial magnetic disk and (b) the re-structured
carbon coating on uncoated magnetic disk substrate.

In the oxygen plasma etching process, carbon atoms in the upper
surface were removed in the form of CO and CO2 layer by layer [30,
31]. And the top surface after oxygen plasma etching was restructured with the increase of the sp3 bonding carbon. In order to
clarify the re-structure process of coating surface, the crosssectional TEM images of the as-deposited and re-structured carbon
coatings are shown in Fig. 9(a) and (b), respectively. It can be seen
that the as-deposited and re-structured carbon coatings both
contained the nanocrystallites with graphene sheets vertically oriented to the coating surface. In the nanocrystallites, graphene sheets
were interconnected by cross-linking bonds, which has been studied
in detail in the previous works [32,33]. After oxygen plasma etching,
the chemical structure evolution would cause the re-structure in
coating surface. However, the change was not obviously observed
from TEM images. The reason was probably that the effect depth or
transformation extent induced by plasma etching was not large
enough to be distinguished easily.
The re-structure process in the coating surface was inferred as
follows. The oxygen plasma may preferentially break the sp2 bonding
carbon, which is proved by the decrease of the sp2 content after oxygen
plasma etching. Then, the formed dangling bond may connect with a
carbon atom or oxygen atom to form new bond. When the new bond
connection occurred between different parallel basal planes, the crosslinking increased. In order to visualize the re-structure process in the
coating surface, Fig. 10 gives a simpliﬁed model illustration when the
sp2 bond in graphene sheets was etched and the new connection
occurred between different parallel layers. After the interlayer
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coating obviously [34]. Therefore, the scratch depths of re-structured
carbon coating effectively decreased. However, the re-structure was
not clearly observed by TEM. This is because the re-structure process
just occurred near the top surface and the degree of the structural
evolution was not large enough to be observed in the TEM images.
And further work on identifying the structural difference near the top
surface will be carried out with future effort.
5. Conclusions
An oxygen plasma etching technology in ECR plasma sputtering
system was developed to prepare ultrathin carbon coatings for magnetic disk application. This technology enables us to obtain ultrathin carbon
coatings easily with etching rate of 0.45 nm/min. Compared with the
as-deposited carbon coating, the re-structured carbon coating after oxygen plasma etching got an improved scratch resistance. The reason
was that after oxygen plasma etching, the C_C (sp2) content decreased
from 55% to 17%, the C\C (sp3) content increased from 33% to 58% and
the C\O content increased from 7% to 18%. Such an increase in sp3
bonding carbon contributed to the improved scratch resistance. Then
the re-structured carbon coatings by oxygen plasma etching were
prepared on uncoated magnetic disk substrates and showed a better
scratch resistance than the commercial magnetic disk and a low surface
roughness of 0.11 nm, indicating that the oxygen plasma etching technology can be used to prepare ultrathin carbon protective coatings
with high scratch resistance and low surface roughness for magnetic
disk application.
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Fig. 9. Cross-sectional TEM images of (a) the as-deposited carbon coating and (b) the
re-structured carbon coating.

interconnection, the original weak van der Waals force between different parallel layers changed into covalent bond force, which extended
the extraordinary strength of a planar sp2-coordinated carbon network
into three dimensions and improved the scratch resistance of carbon

Fig. 10. Simpliﬁed model illustration of re-structure process in the coating surface.
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