International Journal of Chemical Engineering and Applications, Vol. 5, No. 1, February 2014

Effects of RF Power and Treatment Time on Wettability of
Oxygen Plasma-Treated Diamond-like Carbon Thin
Films

C. Jongwannasiri and S. Watanabe

Abstract—Diamond-like carbon (DLC) thin films can be used
in numerous industrial applications, including biomedical
modified-surfaces with biocompatible and wetting properties. It
is important to understand the surface properties of DLC thin
films for these applications. In this study, oxygen (O,) plasma
treatment on DLC film surfaces is studied, taking into account
the effects of radio frequency (RF) power and treatment time on
wetting property. All the films were prepared on Si (100) wafers
using a plasma-based ion implantation (PBII) technique using
acetylene (C,H,) as the plasma source. The deposited DLC films
were then treated with oxygen plasma using various RF powers
and treatment times in order to characterize the wettability,
compared to as-deposited DLC film. The thickness and
structure of the films were evaluated using stylus profilometer
and Raman spectroscopy. The wettability of the films was
assessed using a contact angle meter. The results indicate the
oxygen plasma treatment on DLC film surfaces influenced to
thickness change, but unaffected to structure of the films with
various RF powers and treatment times. Further, oxygen
plasma-treated DLC films exhibit a hydrophilic surface due to
the introduction of some hydroxyl and carbonyl groups onto the
DLC film surface. It is concluded that oxygen plasma treatment
can be used to make hydrophilic DLC, making it a favorable
wetting surface for biomedical applications.

Index Terms—Diamond-like carbon, surface modification,
plasma treatment, wettability.

I. INTRODUCTION

Diamond-like carbon (DLC) films have been intensively
studied in the past due to their excellent characteristics such
as chemical inertness, high hardness, low friction coefficient,
wear resistance, and biocompatibility [1], [2]. Recent studies
have reported that surface-modified DLC films improved

biocompatibility, lubricity, stability, and cell adhesion [3]-[6].

These characteristics are related to surface roughness [7], [8],
structural bonds [9], [10], and whether the film is hydrophilic
or hydrophobic [11], [12]. The DLC surface modification
was performed by doping with suitable elements [4]-[6], [13]
and plasma treatment [14], [15]. Owing to the chemically
active species in plasma and ease of processing, plasma
treatment is the most widely used method for surface
modification. Recently, oxygen plasma treatment has become
a technique widely used on both experimental and industrial
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scales; for instance, Santos et al. found that oxygen plasma
treatment enhances the surface energy of DLC films which
may further improve their surface hardness [16]. In addition,
Choi et al. also devoted their enthusiastic attention towards
oxygen plasma in DLC films to improve their tribological
properties [17]. The improvement of the surface energy and
friction coefficient of DLC is a direct consequence of the
surface activation processes required for many technological
applications including its use as a biomaterial [15], [18], [19].
In the view of all these, oxygen plasma treatment on DLC
film surfaces may provide a new efficient approach to
improve the mechanical, tribological and biological
properties of the films without a need of any complex hybrid
system geometry. So there is great scope to work on this topic
further.

In this study, DLC films were synthesized by a
plasma-based ion implantation (PBII) technique using
acetylene (C,H,) as the plasma source. The as-deposited
DLC films were then treated with oxygen (O,) plasma using
various radio frequency (RF) powers and treatment times in
order to characterize the wettability of DLC films after
plasma treatment when compared to as-deposited DLC film.
The film properties were evaluated by stylus profilometer,
Raman spectroscopy, and contact angle measurement.

A schematic of the PBII system used for the deposition and
plasma treatment of DLC films on a silicon wafer is shown in
Fig. 1. Si (100) wafers measuring 0.7 mm in thickness were
used as a substrate. The wafers were sputter cleaned with Ar*
for 20 min to remove residual surface contaminants and
surface oxides using a negative-pulsed bias voltage of 10 kV.
Using a negative-pulsed bias voltage of 20 kV, the DLC film
interlayer was first deposited with CH, for 60 min to improve
adhesion between the film and substrate. The deposition of
the DLC films was performed at a negative-pulsed bias
voltage of 5 kV with C,H, for 150 min. A pulse width of 5us,
a pulse delay of 25us, and a pulse frequency of 1 kHz were
utilized during the coating process. The deposition pressure
was set to 2 Pa. After deposition, oxygen plasma was treated
in the chamber with the various RF powers at 100, 300, and
500 W for 5, 10, and 15 min. The plasma treatment pressure
was also set to 2 Pa.

The film properties were studied using several
characterization techniques. The thickness of the films was
measured by stylus profilometer. For each surface, at least
five times were measured. The structure of the films was
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analyzed using Raman spectroscopy (JASCO NRS-1000 DT)

at an excitation wavelength of 532 nm, and a spot size of 4um.

The Raman spectra in the wave number region were
deconvoluted from 1000-1800 cm™ into the Gaussian D and
G peaks. The integral area under the D and G peaks was
determined by curve fitting. The contact angle (8) was
measured under atmospheric conditions at room temperature
with a contact angle meter (Kyowa Interface Science Co.,
Ltd.) using distilled water, diiodomethane, and ethylene
glycol as the tested liquids. A droplet of the tested liquids
with a volume of 1uL was released onto the surface of a
sample. For each surface, at least five droplets were
measured. The surface energy of the sample was calculated
based on the measured contact angles using the extended
Fowkes theory according to Kitazaki and Hata [21], [22].
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Fig. 1. A schematic of the PBII apparatus used in this experiment [20].

I11. RESULTS AND DISCUSSION

The thickness change in DLC films after oxygen plasma
treatment at different RF powers (100, 300 and 500 W) and
treatment times (5, 10 and 15 min) is shown in Fig. 2. The
erosion depth when treated at different RF powers increases
in accordance with an increase in treatment time, except for
those films treated at the RF power of 500 W for 15 min. In
fact, the increase of RF power and treatment time resulted in
an increase of ion energy, leading to a higher erosion rate.
This phenomenon may occur due to both the higher RF
power and treatment time, reducing the erosion depth.
According to Choi et al., the higher RF power produces a
larger plasma sheath region [23], indicating a reduction in
erosion depth, i.e. the ion bombardment decreases in
accordance with a larger plasma sheath, resulting in
decreasing of erosion rate. Further, the reason why the film
thickness treated at the RF power of 500 W for 10 min is
larger than that of 300 W is the same as mentioned above.
Therefore, it is concluded that the thickness change in DLC
films was affected using oxygen plasma treatment using
various RF powers and treatment times.

The Raman spectra of the DLC and oxygen plasma-treated
DLC films are shown in Fig. 3. The position of the G peak is
related to the bond-angle disorder or the sp® bonding content,
while the 1o/l ratio is proportional to the ratio of sp*/sp® [24],
[25]. These two factors play a major role in assessing the
Raman spectra. In particular, the ratio of sp%/sp® is one of the
most important factors governing the quality of DLC films.
Generally, the likelihood that the properties of DLC films
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will resemble those of a diamond increases when this ratio is
low. The as-deposited DLC and oxygen plasma-treated DLC
films fabricated in this experiment exhibit a broad spectrum
composed of a D peak (1350 cm™) and a G peak (1580 cm™),
which are similar to the peaks observed in conventional DLC
films. As shown in Fig. 3, the shape of the Raman spectra did
not change in the oxygen plasma-treated DLC films using the
various RF powers and treatment times when compared to
as-deposited DLC. All the spectra show typical diamond-like
structures with a broad G peak among 1533-1535 cm™, and
In/lg ratio in the range of 0.61-0.64. These results indicate
that the structure of the films was relatively unaffected using
oxygen plasma treatment using various RF powers and
treatment times.
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Fig. 2. Effects of RF powers and plasma treatment times on the thickness of
DLC films.
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Fig. 3. Raman spectra of the DLC and oxygen plasma-treated DLC films
using the various RF powers and treatment times.
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Contact angle and surface energy have great potential
utility. They can characterize and predict the wettability of
materials. The contact angle and surface energy results of
DLC and oxygen plasma-treated DLC films are shown in
Table 1. DLC film tends to be a hydrophobic surface with a
water contact angle of approximately 75< while the oxygen
plasma-treated DLC films tend to be hydrophilic surfaces
with a water contact angle of approximately 39<=-49< The
water contact angles for all oxygen plasma-treated DLC film
surfaces were lower than that of an untreated DLC film
surface, indicating that a hydrophilic DLC can be obtained by
oxygen plasma treatment. Further, the total surface energy
also increased (46.2mN/m to 87.1mN/m) as the oxygen
plasma treatment on DLC film surfaces. The total surface
energy (y") of the films is estimated as the sum of the
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dispersion component (), the polar component (), and the
hydrogen-bonding component (). According to Yin et al.,
oxygen plasma produces energetic oxygen species which can
bond easily to the DLC film surfaces [26]. This can increase
the concentration of carbon-oxygen structures on the DLC
film surfaces, resulting in the addition of a hydrophilic
property, contributing to the adsorption hysteresis related to
high surface energy [26], [27]. The adsorption of oxygen on a
DLC film surface forms oxygen incorporated functional
groups since oxygen can occupy the bridge site on the surface
[28]. Additionally, the interaction of oxygen with C—H
bonds results in C—OH bonds. The C—0O and C—OH polar
bonds make the surface more reactive and increase
dipole-dipole interactions between polar molecules and the
film surface. Therefore, it is concluded that the increasing
surface energy was largely ascribed to the increase in the
polar (3.3mN/m to 41.2mN/m) and hydrogen-bonding
(2.2mN/m to 21.8mN/m) components. The polar component
is controlled by several intermolecular forces, permanent and
induced dipoles, and hydrogen bonds [18], [29]. The
hydrogen bonding force is an indicator of the ability to form
hydrogen bonds at the surface. The wettability, that is,
hydrophobic or hydrophilic, is also related to hydrogen
bonding at the surface [30].

As mentioned above, the oxygen plasma treatment was
able to introduce some of the hydroxyl groups (—OH) onto

the DLC film surface. As the plasma treatment power
becomes higher, oxidation occurs and some of the hydroxyl
groups might be transformed into the carbonyl groups (C=0),
which are known to contribute less to hydrophilicity than the
hydroxyl groups [31]. This could be a reason why the oxygen
plasma treatment should be treated at the lower power which
exhibits a higher hydrophilic property. In this experiment, the
best hydrophilic surface occurred at the RF power of 500 W,
with the plasma treatment time of 15 min. This phenomenon
may occur due to both the higher RF power and treatment
time, which can induce the roughened surface. According to
Wenzel’s law, the contact angle decreases, indicating the
hydrophilic property as the surface becomes roughened [32].
It can be clearly seen from Table | that there are a few
different values of surface energy among the RF powers of
100, 300, and 500 W at the highest treatment time (15 min).
However, the surface energy at the RF power of 100 W, with
the lower treatment time (5 and 10 min) is better than the
higher RF powers (300 W and 500 W) when compared to the
same treatment times. Therefore, a greater increase in the
values of »* and y" is responsible for the enhanced wettability
because of the strong dipole-dipole and hydrogen-bonding
interaction at the interfaces. The oxygen plasma-treated DLC
film is thus hydrophilic, making it a favorable wetting surface
for biological and biomedical applications.

TABLE I: CONTACT ANGLE AND SURFACE ENERGY OF AS-DEPOSITED DLC COMPARED TO OXYGEN PLASMA-TREATED DLC

Contact angle (9

Surface energy (mN/m)

RF Power Treatment
Sample W Ti ; o -
W) ime (min)  pistilled water Diiodomethane Ethylene glycol ¥ P " yT
gf_’gepos'“’d — — 74.8 0.4 30.3+0.8 43.7 £0.4 40.8 33 21 46.2
100 5 46.1 +0.6 335404 21.7 +0.2 26.8 31.3 17.6 75.7
100 10 41.1 +0.5 33.0 0.5 179 +0.4 24.9 394 20.9 85.2
100 15 41.3 +0.5 335404 17.3 +0.6 25.1 37.9 20.8 83.8
300 5 48.5 +0.5 35.6 0.4 20.2 +£0.3 28.5 22.7 16.3 67.5
Oxygen
plasma-treated 300 10 46.0 0.6 35.7 0.3 20.4 +0.1 26.7 28.6 18.1 73.4
DLC
300 15 40.1 0.7 34.5+0.3 15.3 +0.3 24.7 38.0 21.8 84.5
500 5 48.1 +0.6 31.9+04 22.4 +0.2 28.2 28.2 15.9 72.3
500 10 42.0 0.2 32.8 0.5 17.0 £0.3 25.7 36.3 20.1 82.1
500 15 40.5 +0.6 31.9+04 175 +0.4 24.9 41.2 21.0 87.1

v%: dispersion force component, y*: polar force component, y": hydrogen-bonding force component, y': total surface energy

IV. CONCLUSION

The oxygen plasma treatment on DLC film surfaces was
successfully synthesized on Si (100) wafers using the PBII
technique. The films were investigated for the effects of RF
power and treatment time on the wettability using stylus
profilometer, Raman spectroscopy, and contact angle
measurement. The oxygen plasma treatment using various
RF powers and treatment times influenced to thickness
change due to oxygen plasma erosion on the DLC film
surfaces. However, the shape of the Raman spectra did not
change for the oxygen plasma-treated DLC films using the
various RF powers and treatment times when compared to
as-deposited DLC. It indicates the structure of the films was
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relatively unaffected using the oxygen plasma treatment.
Further, the oxygen plasma treatment on DLC films exhibits
a hydrophilic surface due to the introduction of some
hydroxyl and carbonyl groups onto the DLC film surface.
Based on the aforementioned results, oxygen plasma
treatment can be used to make hydrophilic DLC, making it a
favorable wetting surface for biomedical applications. For
further studies, the biological experiments should be
performed for assessing the biocompatibility on hydrophilic
DLC film surfaces, compare to as-deposited DLC film.
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