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A novel scheme of pre-surface modification of media using mixed argon-nitrogen plasma is proposed to
improve the protection performance of 1.5 nm carbon overcoats (COC) on media produced by a facile
pulsed DC sputtering technique. We observe stable and lower friction, higher wear resistance, higher
oxidation resistance, and lower surface polarity for the media sample modified in 70%Ar 1 30%N2 plasma
and possessing 1.5 nm COC as compared to samples prepared using gaseous compositions of 100%Ar and
50%Ar 1 50%N2 with 1.5 nm COC. Raman and X-ray photoelectron spectroscopy results suggest that the
surface modification process does not affect the microstructure of the grown COC. Instead, the improved
tribological, corrosion-resistant and oxidation-resistant characteristics after 70%Ar 1 30%N2
plasma-assisted modification can be attributed to, firstly, the enrichment in surface and interfacial bonding,
leading to interfacial strength, and secondly, more effective removal of ambient oxygen from the media
surface, leading to stronger adhesion of the COC with media, reduction of media corrosion and oxidation,
and surface polarity. Moreover, the tribological, corrosion and surface properties of mixed Ar 1 N2 plasma
treated media with 1.5 nm COCs are found to be comparable or better than ,2.7 nm thick conventional
COC in commercial media.

A
real densities of hard disk drives (HDDs) have been growing at an incredible pace, and are expected to
approach 1 terabit per square inch (Tb/in2) by 20141. Currently, the goal of the HDD industry is to
advance the areal density beyond 1 Tb/in2. This requires significant improvement in all aspects of the

HDD system2–6. Reducing the head-media spacing (HMS) is a crucial approach to achieve increased areal
densities for future HDDs. To protect the hard disk media from corrosion and mechanical wear, and hence
enhance the durability of HDDs, the media is coated with a thin carbon overcoat (COC) and a very thin lubricant
layer. Since the COC is the main contributor of the HMS, its thickness must be reduced significantly to achieve a
high areal density. Based on industry roadmaps, the average HMS and COC thickness should be reduced to
,5 nm and ,1.6 nm, respectively1, to achieve an areal density of 4 Tb/in2.

For a long time, magnetron sputtering has been the chosen deposition process for ultrathin COCs on media7–9.
However, sputtered COCs are unable to provide adequate protection for the media when they are thinned down
to 2–3 nm or less10,11. Presently, plasma enhanced chemical vapor deposition (PECVD) is used to deposit 2.5–
3 nm thin hydrogenated carbon (CHx) overcoats1,12. However, when the thickness is reduced to below 2 nm, the
protective characteristics of CHx-based COCs also start to deteriorate. Moreover, CHx-based overcoats have
shown poor thermal stability in heat-assisted magnetic recording (HAMR) conditions, which would be used in
HDDs in the near future13–15. Another deposition technique known as filtered cathodic vacuum arc (FCVA) has
demonstrated the capability to produce ultrathin COCs with enhanced protection characteristics at thicknesses
less than 2 nm16–20. Moreover, FCVA-deposited COCs have shown excellent thermal stability to be used for
HAMR13,14,21. However, particle generation remains an issue with FCVA-deposited COCs, which may lead to
slider and media wear along with flyability issues17,19,22. Since magnetron sputtering is a simple, inexpensive and
industrial-friendly process for the deposition of overcoats with negligible particle generation, the industry and
researchers are still using this process for the fabrication of carbide and non-carbon-based overcoats23–26. For
example, recently Rose et al.25,26 have fabricated a variety of carbide and non-carbide overcoats such as SiN, SiC,
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TiSiN, TiSiC by magnetron sputtering. They found that TiSiC and
TiSiN overcoats provide significant protection against corrosion,
mainly in the case of TiSiC and TiSiN overcoats at thickness of
,2.5 nm. Although the good corrosion barrier characteristic of
TiSiN and TiSiC is interesting, the structures of these overcoats are
complex due to their three-element composition, making it difficult
to maintain the stoichiometry. Nevertheless, this has motivated
researchers to explore magnetron sputtering for new and simpler
overcoat designs/materials or approaches to improve the character-
istics of existing COCs and other overcoats. In this context, improv-
ing the protection characteristics of ultrathin sputtered COCs of
thickness ,2 nm by a novel approach such as a pre-overcoat media
surface modification process would be of significant interest.

Surface nitriding is well-known to be an effective approach to
improve the resistance of engineering materials to wear and cor-
rosion. One of the industrial techniques applied in surface nitriding
is exposing the material (usually a metal or its alloy) to nitrogen gas at
elevated temperatures (,800uC), to allow the nitrogen to diffuse into
the metal surface27. On the other hand, plasma-assisted nitriding is
another popular industrial process which requires relatively lower
temperatures (between 260 to 500uC) and shorter treatment times,
due to the ionization of nitrogen in the plasma28. Hence, nitrogen-
based surface modification of hard disk media is perhaps one of the
ways to improve its wear and corrosion resistance, but it needs an
appropriate selection of the process and its parameters for the treat-
ment. Since the usual nitriding process takes place at very high tem-
peratures for long durations of time, this process cannot be suitable
for surface treatment of hard disk media as it may damage the mag-
netics of the media. Nevertheless, nitrogen plasma-assisted treat-
ments can be used for surface modification of media but the
treatment parameters such as process temperature and process time
must be very low with good control over the process. It should be
noted that this approach of nitrogen plasma-assisted treatment of
magnetic media followed by deposition of an ultrathin COC has not
yet been explored for magnetic storage application.

In this work, we employ a novel surface modification technique
where the media surface is subjected to mixed argon-nitrogen plasma
at room temperature for a very short time, with the aim of tailoring
the surface and interface properties for enhanced wear and corrosion
protection. Three different gaseous compositions of Ar and Ar 1 N2

are used to generate the plasmas for each surface modification pro-
cess to investigate and optimize the Ar 1 N2 mixture for the best
performance. We call this process nitrogen plasma-assisted surface
modification of media, because unlike plasma-assisted nitriding, it is
performed at much shorter times (3 min only) and at room tem-
peratures (much lower temperatures). For each gaseous composi-
tion, two types of samples were prepared: 1) surface modified
media without a COC; and 2) surface modified media with an ultra-
thin 1.5 nm COC. The samples were then tested and characterized in
terms of their tribological, surface, electrochemical corrosion, oxida-
tion and magnetic properties, as well as their microstructures.

Results
Figure 1 schematically demonstrates the Ar and mixed Ar 1 N2

plasma-assisted surface modification of bare magnetic media, and
the deposition of COC on surface modified media for the preparation
of different samples used in this work. CoCrPt:oxide-based bare
magnetic media (BMM) were used as the starting substrates
(Figure 1a), which were then exposed to Ar/Ar 1 N2 plasma in the
sputtering chamber for surface modification (Figure 1b). This led to
the preparation of the first series of surface modified media samples
without COCs (Figure 1c) as: samples S-1 (surface modification
using 100%Ar plasma), S-2 (surface modification using mixed
70%Ar 1 30%N2 plasma) and S-3 (surface modification using mixed
50%Ar 1 50%N2 plasma). The deposition of ultrathin COCs was
done on surface modified media using the pulsed DC (PDC) sputter-

ing process (Figure 1d). Thus, the second series of surface modified
media samples with COCs (Figure 1e) are: sample S-4 (surface modi-
fication using 100%Ar plasma 1 1.5 nm COC), sample S-5 (surface
modification using mixed 70%Ar 1 30%N2 plasma 1 1.5 nm COC)
and sample S-6 (surface modification using mixed 50%Ar 1 50%N2

plasma 1 1.5 nm COC). Apart from these samples, we have also
included current commercial media with commercial COC of thick-
ness ,2.7 nm as a reference sample (S-7) to compare the functional
performance of our samples and commercial media (See supplement-
ary information S1 for a table which summarizes the description of all
the samples used in this work). In view of different plasma condi-
tions, the etched thickness for each plasma condition was also deter-
mined (See supplementary information S2).

Thickness and surface roughness. After the samples preparation,
the thickness of COCs in different samples was measured using
cross-section high resolution transmission electron microscopy
(HRTEM, see supplementary information S3). The thicknesses of
the COCs in samples S-4 to S-6 were each measured to be 1.5 6

0.1 nm, while the thickness of COC in sample S-7 was measured to
be 2.7 6 0.1 nm.

The average roughness (Ra) and root-mean-square roughness (Rq)
of all the samples were measured by tapping mode atomic force
microscopy (AFM) (see supplementary information S4). The values
of Ra in all the samples were found to be slightly lower than the values
of Rq. Interestingly, the disks, which were subjected to the surface
modification process using only Ar plasma (100%Ar, sample S-1),
showed slightly but significantly higher surface roughness than the
disks modified using plasma with gaseous mixtures of Ar 1 N2

(samples S-2 and S-3). This indicates that the inclusion of nitrogen
in mixed Ar 1 N2 plasma could have assisted in smoothening the
surface of the media. Nevertheless, no significant difference in the
surface roughness was observed between samples S-2 and S-3.
Similarly, when pulsed DC sputtered COCs were applied onto either
100%Ar plasma or mixed Ar 1 N2 plasma modified disks, the surface
roughness of the media was found to be almost similar with an Rq

value consistently ,0.2 nm (,0.15 nm). Such low values of Rq have
been reported for sputtered ultrathin nitrogenated carbon (CNx)
films, but they were deposited onto silicon substrates29. In our case,
the observation of such low roughness values for sputtered COCs on
hard disk media is very interesting. On the other hand, the Rq of
commercial COC in sample S-7 was found to be ,0.3 nm, which was
nearly double compared to the other samples. Minimizing the sur-
face roughness is desirable not only for reducing HMS, but also for
contributing to better flyability and good tribological and corrosion
properties. Hence, using a gaseous mixture of Ar 1 N2, plasma-
assisted surface modification seems to be a simple and effective
way to reduce the surface roughness of hard disk media.

Tribological properties. The tribological properties of these samples
were compared based on: 1) the condition of the worn surfaces of the
sample and counterface ball, and 2) their frictional curves, where the
coefficient of friction (COF) is plotted against the number of wear
cycles (wear duration). The comparisons of frictional curves of
plasma-assisted surface modified media samples without COCs
and with COCs are shown in Figures 2a and 2b, respectively, and
optical images of the counterface ball and wear track regions are
depicted in Figure 2c. We first discuss the role of the composition
of gases in plasma-assisted surface modification of media without
COCs. It is evident from Figure 2a that the media modified with
100%Ar plasma (sample S-1) demonstrated the highest COF of
,0.7–0.8 until the completion of the test. There was also a
considerably large amount of wear debris transferred to the ball
and a severe wear track on the sample. However, when the media
was subjected to the plasma with gaseous composition of 70%Ar 1
30%N2 during surface modification (sample S-2), the value of COF
was found to be significantly lower (,0.3 and less) in the first 3,000
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cycles, after which it increased between 3,000 and 6,000 cycles, and
finally saturated at a value of ,0.65 beyond 6,000 cycles. Moreover,
sample S-2 showed less wear debris transferred to the ball and a less
severe wear track on the sample, when compared with sample S-1.
This clearly highlights the effect of introducing 30%N2 in the mixed
Ar 1 N2 plasma, which helps to reduce the COF and improve the
wear resistance of the media after surface modification. However,
when the amount of N2 was increased to 50% (sample S-3), the value
of COF approached a value similar to that of sample S-1, although
material transfer to the ball and wear track was less than that in
sample S-1. Based on the above results, it was observed that 30%N2

in mixed Ar 1 N2 plasma is the best amount which improves the
tribological properties of the media.

When COCs were applied on the surface modified media, the
value of COF was significantly reduced and the wear resistance
was considerably improved, when compared with media without
COCs. However, while examining the tribological properties of sur-
face modified media with COCs where the COCs thicknesses were
kept constant in all the samples, the role of the gaseous composition
during the plasma-assisted media surface modification process was
clearly visible. Among samples S-4, S-5 and S-6, the best tribological
performance was observed in sample S-5, giving a stable and low
COF (,0.25), negligible wear debris on the ball, and no visible wear
track. This suggests that the inclusion of 30%N2 in mixed Ar 1 N2

plasma has an advantageous effect in improving the tribological
properties and wear resistance of the media with ,1.5 nm COC.
Similarly, while comparing the tribological properties of samples S-
4 with S-6, sample S-6 showed comparatively better tribological per-
formance in terms of lower COF and higher wear resistance with the
introduction of 50%N2 during media surface modification. What is

remarkable is that sample S-5, which contains only ,1.5 nm COC by
simple pulsed DC sputtering after plasma-assisted surface modifica-
tion of media in 70%Ar 1 30%N2, exhibited a stable and lower COF
as well as higher wear resistance than current commercial media
containing a significantly thicker commercial COC of ,2.7 nm
(sample S-7). Sample S-7 showed COF values fluctuating between
0.3–0.4 as well as significant material transfer to the ball and a visible
wear track in the worn area of the sample. The tribological properties
of current commercial media with ,2.7 nm COC and ,1 nm lub-
ricant were also investigated, and the results showed comparable or
even slightly higher COF, larger material transfer to the ball, and
visible wear track in this sample as compared to sample S-7 (results
are not included in this manuscript). These results revealed that prior
surface modification of media using a gaseous Ar 1 N2 mixture
(especially a composition of 70%Ar 1 30% N2) before simple pulsed
DC sputtering of COC could be a facile and effective technique to
achieve low friction and high wear resistance protective overcoats on
media. To check the consistency of the results, the tribological tests
were repeated on three different locations per sample as well as on
more than one sample. The results were found to be similar.

It is important to mention that the etched thickness with 70%Ar 1
30%N2 plasma was slightly higher than the samples treated using
50%Ar 1 50%N2 plasma for constant 3 min etch time. So, two
additional samples were fabricated using 50%Ar 1 50%N2 plasma
– one without COC (sample S-8) and one with 1.5 nm COC (sample
S-9), for a longer time to obtain the similar etch thickness as obtained
using 70%Ar 1 30%N2 plasma. Tribological and roughness mea-
surements were also conducted on these newly prepared samples
(See supplementary information S5). We did not see improvement
in the roughness and tribological properties in samples S-8 and S-9 as

Figure 1 | Schematic representation of the substrate and deposition process. The starting substrates were (a) CoCrPt:oxide-based bare magnetic media,

(b) Ar/Ar 1 N2 plasma-assisted surface modification of the media, (c) surface modified bare magnetic media, (d) deposition of ,1.5 nm COC on the

surface modified media using pulsed DC sputtering, and (e) surface modified media after COC deposition. The Ar/Ar 1 N2 plasma-assisted surface

modification of the media was performed using gaseous compositions of 100%Ar, 70%Ar 1 30%N2 and 50%Ar 1 50%N2.
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compared to samples S-3 and S-6 (they even showed slightly poorer
properties). Hence, we concentrate on samples S-1 to S-7 for this
study, out of which the constant 3 min plasma treatment time was
used for the preparation of samples S-1 to S-6.

Electrochemical corrosion and surface energy. One of the purposes
for employing the combination of plasma-assisted surface modified
media with COCs is to improve the corrosion protection of under-
lying media even with the COC thickness of ,2 nm. The corrosion
behavior of these samples was compared based on the corrosion
current density (jcorr), which was measured by the Tafel extrapola-
tion method30. The jcorr is a measure of corrosion in the sample and
varies inversely with corrosion resistance, i.e. the higher the jcorr

value, the lower is the corrosion resistance of the sample. Figure 3a
shows the variation of jcorr for different samples. It is evident from
Figure 3a that 100%Ar plasma-assisted surface modified bare media
without COC (sample S-1) showed the highest average jcorr of
17.0 nA cm22. However, when 30%N2 was introduced into the plas-
ma, the mixed 70%Ar 1 30%N2 plasma-assisted surface modified
bare media without COC (sample S-2) showed reduction in jcorr to
11.4 nA cm22. Nevertheless, when 50%N2 was introduced into the
plasma, the mixed 50%Ar 1 50%N2 plasma-assisted surface modi-
fied bare media without COC (sample S-3) showed jcorr of 15.5 nA
cm22, which, although lower than sample S-1, was higher than
sample S-2. Thus, the electrochemical corrosion results for plasma
treated bare media without COCs indicated that the inclusion of
nitrogen in Ar plasma has an advantageous effect in reducing the
corrosion propensity of the media, mainly at the plasma composition
of 70%Ar 1 30%N2. For the plasma-assisted surface modified media
with COCs, sample S-4, which has the combination of 100%Ar
plasma-assisted surface modified media with ,1.5 nm COC,

showed an average jcorr of 3.5 nA cm22. However, the average jcorr

was reduced to 2.9 nA cm22 in both samples S-5 and S-6, which have
the combinations of 70%Ar 1 30%N2 plasma-assisted surface
modified media with ,1.5 nm COC and 50%Ar 1 50%N2 plasma-
assisted surface modified media with ,1.5 nm COC, respectively.
This also indicated that compared to sample S-4, samples S-5 and S-6
showed higher corrosion resistance, which may be due to the nitro-
gen plasma-assisted pre-surface modification of media. However,
among samples S-5 and S-6, which were subjected to different
plasma modification compositions but had similar COC thickness
(,1.5 nm), the corrosion resistance was found to be similar.
Furthermore, the jcorr of commercial media with commercial COC
of thickness 2.7 nm (sample S-7) was also extracted and found to be
2.9 nA cm22, which was similar to the jcorr of samples S-5 and S-6.
This demonstrated the effectiveness of nitrogen plasma-assisted pre-
surface modification of media in providing adequate corrosion
protection of underlying media at lower COC thicknesses of
,1.5 nm in samples S-5 and S-6, which was ,44% thinner with
respect to commercial COC in sample S-7. Likewise, to check the
consistency of the results, the electrochemical corrosion measure-
ments were repeated on four to five locations per sample as well as on
more than one sample. The results were found to be almost similar.

The concept of protection efficiency (PE) was also used to com-
pare the corrosion protection among different samples. In order to
measure the PE, sample S-1 was used as the reference. The corrosion
PE was calculated using the formula:

%PE~
j0
corr{jcorr

jcorr

|100

where j0
corr is the value of the extrapolated corrosion current density

of bare magnetic media sample S-1. The calculated PEs of different

Figure 2 | Tribological properties. (a) Frictional results of surface modified media without COCs, (b) frictional results of surface modified media

with ,1.5 nm COCs and commercial media with 2.7 nm COC, and (c) optical microscopic images of the ball and wear tracks for all samples after ball-on-

disk tribological tests.
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samples were plotted in Figure 3b. Based on the results shown in
Figures 3a and 3b and taking the tribological results into considera-
tion, sample S-2 was found to be the best among plasma-assisted
surface modified media without COCs; sample S-5 was found to be
the best among plasma-assisted surface modified media with COCs;
and overall, sample S-5 was found to be the best among all the
samples studied in this work. Hence, the combination of 70%Ar 1

30%N2 plasma-assisted surface modification of media with ,1.5 nm
COC provided the best protection to the underlying media without
any compromise to its magnetic properties (see supplementary
information S6).

Surface energy measurements were performed on samples S-4 to
S-7 by two types of liquids: one with only a dispersive component, i.e.
diiodomethane and the other with both dispersive and polar com-
ponents, i.e. water (see supplementary information S7). The results
indicated that samples S-5 and S-6 showed considerably lower sur-
face polarity than sample S-4. This suggested that the introduction of
nitrogen in Ar plasma (mixed Ar 1 N2 plasma) for the surface
modification of media is advantageous in terms of reducing the
surface polarity of the media with COC. Among all the samples,
the lowest surface polarity was observed in sample S-5. On the other
hand, commercial media sample S-7 showed higher surface polarity.
The low surface polarity could be beneficial for reducing corrosion
and oxidation at lower COC thicknesses (,2 nm).

Structural analysis. UV and visible Raman spectroscopy measure-
ments were performed to probe the microstructures of carbon on the
carbon overcoated samples. The Raman spectra of plasma-assisted
surface modified media without COCs were also recorded to
determine the background and confirm that the carbon peak
observed in the carbon-containing samples is due to deliberately
grown carbon. Figures 4a–4e show the UV Raman spectra and
Figures 4f–4j show the visible Raman spectra of the plasma-
assisted surface modified media samples with and without COCs
(which correspond to samples S-1, S-2, S-4, S-5 and S-6
respectively). In both the UV and visible Raman spectra, samples
S-1 and S-2, which were surface modified media without COCs,
showed no signal related to carbon in the range of 1100–
1800 cm21. On the other hand, samples S-4, S-5 and S-6 gave a
strong signal in the Raman spectra corresponding to amorphous
carbon, representing its characteristic D and G peaks. These results
suggest that the carbon signal which appeared in samples S-4, S-5
and S-6 corresponded to the presence of the COC grown by PDC
sputtering. Since UV Raman spectroscopy can give more accurate
information about sp3 carbon bonding, we first discuss the UV
Raman spectra for samples S-4 to S-6. In order to investigate the
differences in the microstructure of COCs used in different surface
modified media samples, the UV Raman spectra of samples S-4, S-5

and S-6 were plotted together on the same graph after baseline
correction, as shown in Figure 4b. As can be seen, the UV Raman
spectra of all these COCs were found to be almost similar, indicating
that the variation in the gaseous compositions of the plasma from
100%Ar to the other two Ar 1 N2 mixtures during surface
modification of media before deposition of COC did not have any
significant impact on the microstructure of the COCs. To obtain the
exact D and G peak positions and intensity ratio of the D peak to G
peak (ID/IG), the UV Raman spectra of the COCs in the three
overcoated samples were fitted with two Lorentzian components,
as shown in Figures 4c–4e. In the Raman spectra of the
amorphous carbon films, the D peak arises due to the breathing
mode of sp2 carbon atoms in aromatic rings, whereas the G peak
arises from the in-plane bond stretching motion of all pairs of sp2

carbon atoms in both the aromatic rings and aliphatic chains of
carbon. The G peak position is an important parameter to
understand the microstructure of amorphous carbon films in
terms of sp3 and sp2 carbon bonding, whereas the ID/IG ratio
provides information about ring-like sp2 cluster formation12,30–32.
The value of the G peak position arising from the pulsed DC
deposition of COCs in these samples was calculated to be 1586 6

1 cm21 whereas the ID/IG ratio was estimated to be 0.85 6 0.01.
These results indicated that the microstructures of the COCs used
in samples S-4, S-5 and S-6 were almost all similar in terms of sp3

carbon bonding.
On the other hand, visible Raman spectroscopy is mainly sensitive

to sp2 carbon bonding and clustering. We have also analyzed the
visible Raman spectra of COCs in samples S-4 to S-6 to probe the
pre-surface modification induced changes in sp2 bonding and ring-
like sp2 clustering of COCs. The visible Raman spectra of samples S-
4, S-5 and S-6 were plotted together on the same graph after baseline
correction, as shown in Figure 4g. In contrast to the UV Raman
spectra, the visible Raman spectra of all these COCs were not similar
in terms of the intensity of the D and G peaks and could have some
change in the G peak position as well. Hence, to obtain the exact D
and G peak positions and ID/IG ratio, the visible Raman spectra of the
COCs in samples S-4 to S-6 were fitted with two Lorentzian compo-
nents, as shown in Figures 4h–4j. The visible Raman spectra of all the
COCs revealed the presence of the characteristic D and G peaks of
amorphous carbon. The G peak positions in samples S-4, S-5 and S-6
were observed to be at 1571 cm21, 1560 cm21 and 1569 cm21,
respectively, and their ID/IG ratios were found to be 1.0, 0.7 and
1.0, respectively. The results indicated that the COC in sample S-5
possessed slightly less ring-like sp2 clusters than the other two sam-
ples. Moreover, the difference in the G peak positions seen in sample
S-5 when compared with samples S-4 and S-6 (which have almost
similar G peak positions) could be due to the change in sp2 induced

Figure 3 | Electrochemical corrosion analysis. Variations of (a) corrosion current density (jcorr) and (b) protective efficiency (PE) for different samples.
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ordering, negating any role of sp3 carbon bonding as confirmed by
the similar G peak position found in the UV Raman spectra of all
COCs. Thus, the UV and visible analyses indicated that the COCs in
samples S-4, S-5 and S-6 could have similar sp3 carbon bonding but
slight differences in the sp2 carbon ordering.

Carbon hybridization, interfacial bonding and oxidation analysis.
XPS measurements were performed to investigate the chemical
structure of COCs and the oxidation condition of underlying
media for different samples. Figures 5a–5c show the deconvoluted
C 1s core level spectra of samples S-4, S-5 and S-6, after background
subtraction in Shirley mode. The deconvolution of the C 1s core level

spectrum in each sample was performed with four Gaussian curves,
which correspond to the sp2 carbon bonding (sp2C), sp3 carbon
bonding (sp3C), C–O bonding and C5O bonding12,14,18,20,33,34 (see
supplementary information S8.1). Since sp3C bonding is the key
property of COCs in achieving excellent toughness, wear resistance
and film coverage to effectively protect the underlying media12,16–20,
hence, we mainly concentrate on estimating the sp3C bonding
fractions by an area ratio method for all the ultrathin COCs. A
comparison of the sp3C fractions of COCs for samples S-4, S-5 and
S-6 is shown in Figure 5d. The sp3C bonding fractions of the COCs in
all the samples were generally similar and were found to be in the
range of ,20.5 to 22.5%. Hence, the XPS results corroborated with

Figure 4 | UV (325 nm) and Visible (488 nm) Raman analyses of the prepared samples. (a)–(e) UV Raman spectra of samples S-1, S-2, S-4, S-5

and S-6 without and with fittings, (f)–(j) visible Raman spectra of samples S-1, S-2, S-4, S-5 and S-6 without and with fittings. The fitting was performed

using two Lorentzian components corresponding to the D and G peaks.
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the results obtained from Raman analysis, indicating that the gaseous
composition of the plasma used during surface modification of
media in the three cases has no effect on the sp3C bonding of the
COCs.

After analyzing the C 1s core level spectra, the Co 2p3/2, O 1s and N
1s core level spectra were also studied. Figures 6a–6c show the N 1s
core level spectra of samples S-2, S-5 and S-6. All these spectra
indicated the presence of nitrogen at the media surface as a con-
sequence of using an Ar 1 N2 plasma during media surface modi-
fication. The most interesting and important aspect here is to
investigate the role of the gaseous composition of mixed Ar 1 N2

plasma in improving the underlying media’s surface properties
(which is mainly made up of Co). Figures 6d–6h show the Co 2p3/2

core level spectra of samples S-1, S-2, S-4, S-5 and S-6, respectively. It
is evident from Figure 6d that sample S-1 showed a very small peak
(labelled #1) at ,778.1 eV, and a very broad and intense peak
(labelled #2) at ,780.3 eV. Peak #1 corresponds to metallic Co, while
peak #2 is allotted to oxidized Co. Peak #2 is dominant over peak #1,
indicating that bare magnetic media, even after surface modification
using 100%Ar plasma, is mostly oxidized, at least at the upper surface
of the media. Surprisingly, when the gas composition of the plasma
was changed to 70%Ar 1 30%N2 (Sample S-2), peak #1 in the Co
2p3/2 core level spectrum in Figure 6e was increased and simulta-
neously affected the intensity of peak #2. This suggests that the inclu-
sion of 30%N2 in mixed Ar 1 N2 plasma enhances the metallic
bonding fraction of Co after surface modification. Interestingly,
when the COCs were applied onto the surface modified media sam-
ples, the Co 2p3/2 core level spectra of samples S-4, S-5 and S-6

showed an intense peak #1 with a very weak and broad peak #2.
This suggested that the application of a COC increases (reduces)
the metallic (oxide) content of Co, and hence provides improved
oxidation resistance to underlying media. The O 1s spectra of sam-
ples S-1, S-2, S-4, S-5 and S-6 were also recorded and presented in
Figure 6i to detect the amount of oxygen present on the modified
media surface/interface with and without COCs. It is evident from
the spectra that the O 1s peak intensity was the highest in sample S-1,
whereas the peak intensity was significantly reduced in sample S-2.
This leads us to the same conclusion that having 30%N2 during
plasma-assisted surface modification of media helps in enhancing
the oxidation resistance of the media. The intensity of the O 1s peak
was much lower in samples S-4, S-5 and S-6 due to the presence of
COCs contributing to oxidation protection.

Further investigation into the oxidative and metallic states of Co as
well as its other bonding environments within these samples was
carried out. The Co 2p3/2 core level spectra were deconvoluted with
various Lorentzian-Gaussian components after executing Shirley
background subtraction. Figures 7a–7e show the deconvoluted Co
2p3/2 core level spectra of samples S-1, S-2, S-4, S-5 and S-6, respect-
ively. Samples S-1 and S-4 each showed four peaks, while samples S-
2, S-5 and S-6 each showed five peaks. The first four peaks in all the
samples corresponded to Co (metallic), Co (oxide such as Co2O3), Co
(oxide/hydroxide such as Co-O, Co3O4, CoOOH) and Co (oxide/
hydroxide such as Co-O, Co3O4, Co(OH)2), respectively35–41. An
additional fifth peak was found in samples S-2, S-5 and S-6 corres-
ponding to Co-Nx bonding42–44, due to interaction of nitrogen from
the mixed Ar 1 N2 plasma with Co during surface modification. (See

Figure 5 | Carbon hybridization analysis by XPS. Deconvolution of the C 1s core level spectra for samples (a) S-4, (b) S-5 and (c) S-6. (d) Variation of sp3

fractions for different samples.
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supplementary information S8.2 for a table summarizing the peak
positions of various bonding states of cobalt). Given that reducing
the oxidation of media from ambient is essentially required to
enhance the durability of HDDs, the content of the metallic and
oxide states of Co was determined using an area ratio method and
given in Table S8.2.2 (see supplementary information S8). The role of
nitrogen in reducing the oxide content of Co is revealed by compar-
ing samples S-1 and S-2 for the case of media without COCs, and
samples S-4, S-5 and S-6 for the case of media with COCs. After
media surface modification, the introduction of 30%N2 in mixed
Ar 1 N2 plasma helped to increase the metallic bonding fraction
of Co (,24% in sample S-2) as compared with 100%Ar plasma in
sample S-1, which gave a metallic Co bonding fraction of ,14%.
Similarly, after COC deposition onto the surface modified media,
the metallic Co fraction in samples S-4, S-5 and S-6 was observed
to be 60.3%, 72.0% and 68.0% respectively. Even with commercial
media with thicker conventional COC as in sample S-7, it showed a
metallic Co fraction of ,68%. Thus, the results indicated the effec-
tiveness of using the 70%Ar 1 30%N2 gaseous composition during
plasma-assisted surface modification of media with COC providing
maximum protection for the media from oxidation.

Furthermore, the N 1s core level spectra were deconvoluted to
probe the various bonding configurations of nitrogen with media
and COCs. N 1s core level spectra were deconvoluted with various

Lorentzian-Gaussian components after performing Shirley back-
ground subtraction. Figures 7f–7h display the deconvoluted N 1s
core level spectra of samples S-2, S-5 and S-6, respectively. Sample
S-2 (without COC) showed four peaks, while samples S-5 and S-6
(with COCs) each showed five peaks. The four peaks, namely N1, N2,
N3 and N4, were found to be common in samples S-2, S-5 and S-6,
which corresponded to Co-Nx & Cr2-N bonding, metal-N-pyridyl-
like bonding, graphitic C5N bonding, and N-O bonding, respect-
ively42,43,45–48. Since sample S-2 did not have COC, the presence of
graphitic C5N bonding in sample S-2 may be attributed to the
reaction of nitrogen with surface carbon contamination. An addi-
tional fifth peak ‘‘N5’’ was observed only in the samples with COCs
(samples S-5 and S-6). This peak N5 corresponded to nitrogen
bonded in the pyridine-like structure47–49. See supplementary
information S8.4 for a table summarizing the peak positions of vari-
ous bonding states of nitrogen with metals, carbon and oxygen.

Discussion
The results from the ball-on-disk tribological tests, electrochemical
corrosion tests, and oxidation analyses by XPS for both surface modi-
fied and reference media samples suggest that the incorporation of
nitrogen gas, particularly when a gaseous composition of 70%Ar 1

30%N2 is used in an Ar 1 N2 mixture during plasma-assisted surface
modification of media, has advantageous effects in lowering and

Figure 6 | Various XPS core level spectra for the analyses of oxidation and interfacial bonding. (a)–(c) N 1s core level spectra of samples S-2, S-5 and S-6,

respectively, (d)–(h) Co 2p3/2 core level spectra of samples S-1, S-2, S-4, S-5 and S-6, respectively, and (i) O 1s core level spectra of different samples.
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stabilizing friction, improving wear resistance, enhancing corrosion
resistance, and reducing oxidation resistance of the media in both
cases with and without COCs, without affecting the magnetic prop-
erties of the media. Moreover, surface energy measurements suggest
that when the surface modification is performed using 70%Ar 1

30%N2 and then coated with 1.5 nm COC, the surface polarity of
the prepared sample (S-5) is seen to be significantly lower. However,
the UV and visible Raman spectroscopy and C 1s XPS results
revealed that using different gaseous compositions of either
100%Ar or mixed Ar 1 N2 had no significant influence on modifying
the microstructures of the pulsed DC sputter-deposited COCs in
terms of sp3C bonding. However, since visible Raman is predomi-
nantly sensitive to sp2 bonding and sp2 clustering, sample S-5 showed
slightly less ring-like sp2 cluster formation than samples S-4 and S-6,
as indicated by the ID/IG ratio. Overall, the microstructures of the
COCs in samples S-4, S-5 and S-6 can be assumed to be similar. It is
therefore pertinent for us to understand how the inclusion of N2,
mainly with a composition of 70%Ar 1 30%N2 during the plasma-
assisted surface modification process, improves the surface prop-
erties of the media in terms of better protection, despite having
similar COC microstructures (and properties).

Interfaces and interfacial bonding play a very crucial role in influ-
encing the friction and wear resistance of overcoat materials. In our

case, unlike 100%Ar plasma treated media surfaces with COCs, the
presence of nitrogen in mixed Ar 1 N2 plasma for surface modified
media with COCs helped in the formation of a graded interfacial
layer between the media and the COC. This can be confirmed by
analyzing the XPS Co 2p3/2 and N 1s core level spectra of samples S-5
and S-6. As compared to sample S-4, where surface modification was
performed using 100%Ar plasma, samples S-5 and S-6 showed addi-
tional Co-Nx, Cr2-N, metal-N-pyridyl, pyridine-like, and graphitic
C5N bonding (Figures 7d, 7e, 7g, 7h). Even for surface modified
media without COCs, we found that when the media was modified
using 70%Ar 1 30%N2 plasma (sample S-2), it showed additional
Co-Nx, Cr2-N, metal-N-pyridyl, and graphitic C5N bonding
(Figures 7a, 7b, and 7f) as compared to the media modified using
100%Ar plasma (sample S-1). It should be noted that nitrogen
plasma-assisted treatments of conventional engineering materials
such as steel have also been found to develop a graded surface/inter-
face before deposition of a protective overcoat. The development of a
graded interface can reduce the interfacial free energy, leading to an
increase in the amount of work required for delamination50.
Similarly, in our case, the formation of a graded layer in samples S-
5 and S-6, as compared with sample S-4, could reduce the interfacial
free energy. Moreover, increased interfacial bonding between nitro-
gen, media and COC can improve the interfacial strength and adhe-

Figure 7 | Evaluation of interfacial bonding and quantitative analysis of oxidation protection of the media layer. Deconvolution of the core level spectra

of (a)–(e) Co 2p3/2 and (f)–(h) N 1s for different samples.
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sion of COCs with media. Consequently, the media modified using
mixed Ar 1 N2 plasma and possessing 1.5 nm COC (samples S-5
and S-6) showed lower friction and higher wear resistance than the
media modified using 100%Ar plasma with 1.5 nm COC (sample S-
4). However, between samples S-5 and S-6, slightly better tribological
performance in terms of stable friction and higher wear resistance
was observed in sample S-5. One possible reason for this is that from
XPS analysis, we found that the bonding fraction corresponding to
nitrogen bonded in a pyridine-like structure was higher in sample S-5
than sample S-6. Since the increase in the nitrogen derived pyridine-
like structure in the sp2 and sp3 bonded network assists to improve
the toughness of the carbon films48,49, we hypothesized that the rela-
tively higher amount of pyridine-like bonding observed at the surface
modified media and COC interface in sample S-5 would lead to its
higher toughness and hence, stable friction and higher wear resist-
ance compared to sample S-6. Further, while investigating the
properties of nitrogen incorporated carbon films, Wei et al.51 demon-
strated that the wear durability initially increases with an increasing
amount of nitrogen percentage from 0% to 30%, beyond which the
wear durability deteriorates with further increase in the nitrogen
percentage up to 50%. This suggested that the nitrogen percentage
of 30% could be an optimum for Wei et al.51 as well as in our case,
though the structural designs of the coatings are different. Moreover,
mixed Ar 1 N2 plasma treated media without COC, mainly at the
gaseous composition of 70%Ar 1 30%N2 for plasma treatment (sam-
ple S-2), showed significantly lower friction and higher wear resist-
ance than the media treated with 100%Ar plasma (sample S-4). This
is attributed to the formation of several nitrogen originated bonding
at the media surface. Overall, a mixed 70%Ar 1 30%N2 plasma used
for surface modification of media before COC deposition is found to
be optimal, and provides good surface properties and enhanced
interfacial bonding between the media and the overcoat by forming
nitrogen-based bonds with Co and Cr in the media, and C in the
COC. This, in turn, helps to improve the wear resistance and tribo-
logical performance of the COC.

A second important role of nitrogen in plasma-assisted surface
modification of the media is seen to be that of efficiently removing
the ambient oxygen or native oxides formed on the surface of the
media. We found that when compared with 100%Ar plasma, the
introduction of nitrogen in the mixed 70%Ar 1 30%N2 plasma
efficiently removed the ambient oxygen from the media surfaces.
As a consequence of that, the content of Co-metallic (Co-oxide)
was found to be higher (lower) in sample S-2 than S-1 for surface
modified media without COCs, and it was observed to be higher in
sample S-5 than S-4 for surface modified media with COCs (see
supplementary information S8.2). Even sample S-6, which was sub-
jected to 50%Ar 1 50%N2 plasma-assisted surface modification and
held 1.5 COC, showed higher (lower) Co-metallic (C-oxide) content
than sample S-4. The efficient removal of oxygen due to the presence
of nitrogen in plasma was also indicated by the analysis of the O 1s
spectra (Figure 6i) because for surface modified media without
COCs, the intensity of the O 1s peak was comparatively lower in
sample S-2 than sample S-1. The schematic view for the comparison
of 100%Ar and mixed Ar 1 N2 (mainly 70%Ar 1 30%N2) plasma-
assisted removal of oxygen from media surfaces before the deposition
of COCs, and the reaction of nitrogen with media to form nitrogen
derived interfacial bonding and graded layer, are illustrated in
Figure 8. The removal of a high amount of ambient oxygen from
the media surface would lead to better adhesion between the COC
and media. Moreover, removal of oxygen and addition of nitrogen at
the media surface could improve the wear resistance arising from
surface passivation by nitrogen. As a result, reduction of friction and
improvement of wear resistance were observed in sample S-2 as
compared to sample S-1 for surface modified media without
COCs, and these properties were better in sample S-5 than sample
S-4 for surface modified media with COCs. Thus, the sample

sequence in terms of the extent of oxidation protection for media
with COCs is as follows: S-5 . S-6 . S-4, leading to tribological
performance in the same sequence. The efficient removal of oxygen
from the media surface due to inclusion of nitrogen in the plasma has
also lowered the surface polarity in samples S-5 and S-6, compared to
sample S-4. Moreover, corrosion resistance was also found to be
better in samples S-5 and S-6 than sample S-4, which may be due
to the reduction of surface oxygen and generation of nitrogen-based
interfacial bonding. Amongst samples S-5 and S-6, which were Ar 1

N2 plasma-modified media using different gaseous compositions
with COCs, slightly lower surface polarity but comparable corrosion
resistance was observed in sample S-5 compared to sample S-6. It is
interesting to note that mixed Ar 1 N2 plasma-modified media with
1.5 nm COCs showed comparable/better tribological, oxidation and
corrosion resistance and surface properties than 2.7 nm thicker con-
ventional COCs in commercial media (sample S-7). The better tri-
bological properties found in sample S-5 than sample S-7 might be
due to combined effects of nitrogen derived enhanced interfacial
bonding and lower roughness. Furthermore, Bazzoni et al.52 have
investigated the surface hardness of pure CoCrMo-alloys and plasma
nitrided CoCrMo-alloys, and found higher hardness and 10 times
greater wear resistance in the plasma nitrided CoCrMo-alloy. Hence,
we also speculate that plasma-assisted surface modification of media
using a gaseous composition of 70%Ar 1 30%N2 could help in
surface hardening and hence, improved wear resistance of the media
due to the presence of nitrogen.

In summary, an in-situ plasma-assisted surface modification of
the media using a gaseous mixture of Ar 1 N2 prior to the deposition
of COCs is proposed as a novel approach to improve the protection
capability of ultrathin sputtered COCs of thickness ,2 nm on
media. The plasma-assisted surface modifications were performed
using three gaseous compositions of 100%Ar, 70%Ar 1 30%N2 and
50%Ar 1 50%N2. By examining the surface roughness, tribological
properties, corrosion and oxidation properties, microstructure
evolution and surface/interfacial bonding, the following conclusions
have been drawn:

1) For the case of surface modified media without any COC, the
surface modification process performed in plasma generated
with a gaseous mixture of 70%Ar 1 30%N2 was found to show
the lowest COF, highest wear resistance, and highest oxidation
and corrosion resistance among the other samples.

2) For the case of surface modified media with 1.5 nm COCs
grown on top by pulsed DC sputtering, the surface modifica-
tion process performed in 70%Ar 1 30%N2 plasma was also
found to show a lower and stable COF, highest wear resistance,
highest oxidation resistance, lowest surface polarity, and com-
parable corrosion performance among the other samples.

3) The examination of the XPS, UV and visible Raman spectro-
scopic results revealed that surface modification of the media
using the three different gaseous compositions had no influ-
ence on the microstructures of the COCs in terms of sp3C
bonding, but visible Raman analysis indicated that sample S-
5 could have relatively lower sp2 clustering.

4) The improved protection of the media owing to the plasma-
assisted surface modification process at a gaseous composition
of 70%Ar 1 30%N2 can be attributed to the formation of
nitrogen-based interfacial bonding and more effective removal
of ambient oxygen from the surface of the media by nitrogen,
leading to reduced oxidation at the surface/interface and
enhanced adhesion of the COCs with the media.

5) Overall, 70%Ar 1 30%N2 plasma modification assisted to
improve the protection characteristics of COCs without
degrading the magnetic properties of media due to: 1)
Increased nitrogen-based interfacial bonding and 2)
Sufficient removal of oxygen with minimal removal of the
magnetic layer. Hence, for this study, the gaseous composition
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of 70%Ar 1 30%N2 is the optimum for plasma-assisted surface
treatment of the media.

These findings are significant due to three reasons: 1) Good pro-
tection to the media can be realized at a low thickness of ,1.5 nm,
which is desirable for future hard disk drives with high areal densi-
ties; 2) Employing a gaseous composition of 70%Ar 1 30%N2 in
plasma-assisted pre-surface modification of the media can lead to
improved protective characteristics of sputtered COCs, even at the
COC thickness of ,2 nm; and 3) Using this approach, both the
surface modification process and COC deposition can be performed
in-situ using a facile process of magnetron sputtering.

Methods
Sample preparation. Specially prepared commercial 2.50 CoCrPt:oxide-based hard
disk media without commercial COC and without a lubricant layer, provided by our
industrial collaborators, were used as starting substrates. The surface modifications of
the media by plasma as well as the COC depositions on the plasma modified media
were performed in-situ within a standard computer-controlled magnetron sputtering
system (AJA International) housed in a class 10 K cleanroom. The cylindrical
sputtering chamber has a diameter of ,34.8 cm, which was evacuated to achieve a
base pressure of ,2 3 1028 Torr, and the substrate-to-target distance was maintained
at ,15.0 cm throughout the surface modification and deposition processes. Plasma-
assisted surface modifications of the media were carried out using a substrate RF bias
power of 40 W, while maintaining a working pressure of 1.0 3 1022 Torr and a total
gas flow rate of 20 sccm. The surface modification time was kept constant at 3
minutes for all the samples. Subsequently, ultrathin COC depositions on the surface
modified media were carried out using a pulsed DC sputtered deposition scheme in
100%Ar atmosphere, using 100 W of power supplied to a 99.999% pure graphite
target with pulsed frequency of 150 kHz and a pulse duration of 2.6 ms. A working
pressure of 3.0 3 1023 Torr and Ar gas flow rate of 20 sccm were maintained
throughout the deposition. Only the Ar and N2 gaseous compositions used to
generate the plasmas during surface modification were varied as follows: 100%Ar,
70%Ar 1 30%N2, and 50%Ar 1 50%N2.

A total of six samples were prepared, of which three were plasma-assisted surface
modified media without COCs (labeled S-1 to S-3), and the other three were plasma-
assisted surface modified media with COCs (labeled S-4 to S-6). The performance of
these samples was also compared to a reference commercial media sample containing
its original commercial COC (,2.7 nm thickness) but without its lubricant layer

(labeled S-7). A table summarizing the description and nomenclature of samples used
in this work is given in supplementary information S1.

Characterizations. High resolution transmission electron microscopy (HRTEM,
Philips FEG CM300) in cross-section geometry was used to measure the thicknesses
of the COCs. Samples S-4 to S-7 were prepared for cross-section HRTEM imaging by
first sputter depositing a titanium nitride (TiN) or tantalum (Ta) capping layer on top
of the COCs. Next, the samples were diced into smaller pieces and then the surfaces
were attached together using an epoxy adhesive. Due to the similar contrast between
carbon and epoxy, the TiN or Ta capping layer provided a clear distinction between
the COC and the epoxy adhesive during imaging. Finally, the samples were thinned
down by mechanical polishing and ion milling to a thickness suitable for HRTEM
imaging.

The surface roughness of all the samples were measured using tapping mode
atomic force microscopy (AFM, Bruker Innova) equipped with a silicon cantilever
and tip of radius ,8 nm. The roughness measurements were performed across a scan
area of 2 mm 3 2 mm at three different locations on each sample surface, from which a
mean value was taken.

Ball-on-disk tribological tests were carried out on all the samples using a nano-
tribometer (CSM Instruments) to examine the friction and wear resistance of surface
modified media with and without COCs. The tests were conducted in a clean room
environment (temperature of 23 6 1uC and relative humidity of 55 6 5%) using a
sapphire ball with diameter of 2.0 6 0.1 mm and surface roughness of 5.0 6 0.1 nm
as the counterface material. During the ball-on-disk tests, a normal load of 20 mN
and a rotational speed of 100 rpm (linear speed 5 2.1 cm/s) for 10,000 cycles were
kept constant for all the samples. After the tests, the wear track and ball images for
each sample were captured using an optical microscope.

The adequate protection of the hard disk media from corrosion or oxidation is
critical when the thickness of sputtered COC decreases to ,2–3 nm. The corrosion
leads to the deterioration of the magnetic properties of the media and hence, loss of
the recorded information. To understand the role of nitrogen in plasma-assisted
surface modification of media in preventing the corrosion of media with and without
ultrathin COCs (,2 nm), a custom-made three-electrode electrochemical corrosion
system was used to take potentiodynamic polarization measurements on these
samples. An electrolyte solution of 0.1 M NaCl was used during the test, and a sample
surface area of 0.24 cm2 was exposed to the electrolyte. Each electrochemical test
consisted of an anodic sweep and a cathodic sweep where the potential was varied and
the corresponding current was measured. Every sweep was conducted at a different
location on the sample, with at least three sets of tests (6 sweeps) conducted on each
sample.

Since the surface modification technique applied in this work is intended only to
affect the topmost surface of the media, it is important to understand how the surface

Figure 8 | Schematic illustration of how the mixed Ar 1 N2 plasma (mainly 70%Ar 1 30%N2) leads to the formation of nitrogen-based interfacial
bonding between media and COC, and how the mixed Ar 1 N2 plasma efficiently removes the oxygen as compared to 100%Ar plasma. (a) Granular

media with CoCrPt:Oxide storage layer atop, (b) 100%Ar plasma-assisted surface treatment of media followed by (c) COC deposition, (d) 70%Ar 1

30%N2 plasma-assisted surface treatment of media followed by (e) COC deposition. The 70%Ar 1 30%N2 plasma helps to form additional nitrogen-

based interfacial bonding and efficiently removes the oxygen from media as compared to surface treatment using 100%Ar plasma. Thus, 70%Ar 1 30%N2

plasma was found to be advantageous in terms of improving interfacial strength by creating additional interfacial bonding, leading to high wear resistance

and stable and low friction, in addition to better corrosion/oxidation protection and low surface polarity.
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modifications in different plasmas affect the surface and interface properties of the
samples. To do this, the chemical bonding within the COC, at the COC-media
interface and at the surface of the media, was probed using X-ray photoelectron
spectroscopy (XPS, VG ESCALAB 220I-XL). XPS measurements were performed in
ultrahigh vacuum (UHV) conditions of ,1029 Torr by employing a monochromatic
Al-Ka X-ray source (1486.6 eV). In addition, the microstructures of the COCs in
these samples were examined with ultra-violet (UV, 325 nm) and visible (488 nm)
Raman spectroscopy (Jobin Yvon LABRAM-HR). The 325 nm UV and 488 nm
visible excitations were achieved with a He-Cd laser and an Ar laser, respectively, and
the spot size was fixed at ,1 mm for the analysis. However, to avoid damage of the
ultrathin COCs due to the intense laser heating of the sample surface, the laser power
was kept low, while other parameters such as the charge coupled device’s (CCD)
exposure and data acquisition time were synchronized in order to obtain a reasonable
signal-to-noise ratio for all samples. The relative intensity ratios of the COCs were
compared at various locations of the sample surfaces to distinguish the nature of the
carbon bonding with an accuracy of ,2%.
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