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Abstract  A 2.45 GHz microwave plasma with linear antenna has been prepared for hydrophobic and wear-resistible

surface coating of carbon steel. Wear-resistible properties are required for the surface protection of cutting tools and

achieved by depositing a hydrogenated amorphous carbon film on steel surface through linear microwave plasma

source that has TE10-TEM waveguide. Compared to the existing RF plasma source driven by 13.56 MHz, linear

microwave plasma source can easily generate high density plasma and provide faster deposition rate and wider process

windows. In this study, Ar/CH4 gas mixtures are used for hydrogenated amorphous carbon film deposition. When

microwave power of 1000 W is applied, 40 cm long uniform Ar/CH4 plasma could be obtained in gas pressure of

200~400 mTorr. The Vickers hardness measurement of hydrogenated amorphous carbon film on steel surface was

evaluated. It was found the optimized deposition condition at Ar : CH4=25:25 sccm, 300 mTorr with microwave power

of 1000W and RF bias power of 100W. By deposition of hydrogenated amorphous carbon film, contact angle on steel

surfaces increases from 43.9o to 93.2o. 
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I. Introduction

Hydrogenated amorphous carbon (a-C:H) films have
attracted considerable interest in the past twenty years
because of extraordinary chemical and physical properties
such as excellent hardness, chemical inertness, low friction
coefficient and high wear resistance [1-4]. These properties
were required for semiconductor materials, biomaterials,
hard coating, corrosion protection, solar cell, OLED touch
panel, etc [5]. The preparation of a-C:H has been
accomplished by using various chemical and physical
method such as 13.56MHz plasma enhanced chemical vapor
deposition[6], 2.45GHz electron cyclotron resonance plasma
enhanced chemical vapor deposition [7], ion beam assisted
deposition [8], ion beam sputtering [9], DC magnetron
sputtering [10], pulsed laser ablation [11], plasma based ion
implantation [12]. The mechanical properties of a-C:H film
depend on a mixing percentage of sp2 and sp3 contained in
the films. Generally, the high contents of sp3 lead to extreme
hardness. The content of sp2 and sp3 varies according to gas
flow speed, applied power, processing gas pressure and bias
power of PECVD equipment. 

Recently, the market for optically clear and adhesive film

is growing with increasing demand on the personal
information device such as smart phone and tablets PCs.
Hydrophobic and wear resistible surface properties are
essential for adhesive films cutting and processing. In this
work, linear-type microwave PECVD system has been
developed for surface treatment of carbon-steel for cutting
tools of adhesive films. The linear microwave plasma
source driven by 2.45 GHz is useful for high density plasma
and faster deposition rate and wider process windows
compared to the existing RF plasma source driven by
13.56 MHz. Hydrogenated amorphous carbon chemistry
using Ar/CH4 plasma have been tried to obtain both
hydrophobic and wear resistible surface of carbon-steel
substrate. The characteristics of hydrogenated amorphous
carbon film on steel surface by linear microwave plasma
are investigated according to the variation of microwave
power, gas pressure and RF bias power.

II. Materials and Methods

1. Preparation of a-C:H films

All of a-C:H films were deposited on carbon steel (SK5,
3 cm × 3 cm) surface using linear microwave PECVD.
Figure 1 shows a schematic of experimental setup. A linear
2.45 GHz microwave plasma is sustained by coaxial circular
TEM waveguide. TE-TEM microwave power coupling
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was achieved by copper rod located at 3 λg/4 from short-
end of TE10 waveguide. TEM waveguide consists of quartz
tube surrounded by plasma and copper rod electrode. TEM
waveguide is 60 cm in length and 3 cm in diameter, which
is terminated with shorted metal cap. Ar gas that is carrier
gas was fed toward the quartz tube by gas shower head and
CH4 gas that is processing gas was fed onto the substrate.
The carbon steel was ultrasonic cleaned in metal cleaner
for 30 min to remove oil on surface, then was sequentially
ultrasonic cleaned in ethanol and acetone for 20 min.
Carbon steel is finally dried up at room temperature and
placed on the substrate holder. Prior to deposition, the
vacuum chamber was evacuated up to 10 mTorr. Ar gas
with 10sccm and 200 mTorr was injected into the chamber,
then carbon steel was cleaned by Ar plasma for 15 min at
a microwave power 300 W and a RF bias power 100 W.
The working gas flow rate for deposition was fixed to
25 sccm in Ar and CH4. The basic condition of deposition
was as follows : microwave power 1000 W, gas pressure
300 mTorr and RF bias power 100 W. 

Deposition process was controlled by microwave power,
gas pressure and RF bias power. The microwave power
was varied from 750 W to 1250 W with 250 W step. The gas
pressure of Ar/CH4 mixing gas was varied from 250 mTorr to
400 mTorr. The 13.56 MHz RF bias power was varied from
50 W to 100 W with 25 W step. The deposition time was
40 min in all sample cases. The substrate having a width of
350 mm was cooled by internal water circulation. 

2. Sample analysis method

The deposition thickness of a-C:H films was taken using
atomic force microscopy (AFM) and Alpha step. A step
was produced in order to measure the deposition thickness
between the portion of covered and uncovered carbon steel
surface. The deposition rate was obtained by dividing film
thickness into the 40 min deposition time. The ratio of sp3

and sp2 were investigated by UV Raman Spectrometer
(RenishawTM, England) in the wavelength range of 700-
2,000 cm−1 with laser excitation at a wavelength of 325 nm.

The hardness were tested using a nano indentation (CSM
instrumentsTM, USA). The Poisson’s ratio of a-C:H films
was assumed to be 0.25 [13]. The hydrophobicity of a-C:H
films were investigated by measuring static contact angle
after dropping pure water on sample surface with contact
angle goniometer (SEOTM, KOREA). The rubbing test
equipment with a pendulum of 1kg weight was used for
adhesion test and hydrophobicity durability evaluation
of a-C:H films. The rubber tip equipped with a 1 kg
pendulum pressed a surface of a-C:H films and moved left
and right alternately for 100 times and 200 times with a
speed of 60 times per minute. The chemical binding energy
was investigated by XPS (monochromatized Al Kα source,
hλ=1486.6 eV) from Thermo Scientific. The deposition
thickness, Vickers hardness and contact angle were
measured to analyze deposition uniformity for 5 deposition
location of substrate. Each sample was located every
75 mm along substrate holder having a length of 350 mm.

III. Results and Discussion

1. Deposition rate

All case of a-C:H films were prepared in a center of
substrate holder. Deposition thickness of the films were
obtained by height difference from AFM image between
bare carbon steel surface and a-C:H film surface to
measure an accurate deposition rate (Fig. 2a) [14]. The
deposition rate is shown as a function of the working gas
pressure at a microwave power 1000 W and RF bias power
100 W. With increased gas pressure the deposition rate
increases to gas pressure of 350 mTorr. However, it slightly
decreases at gas pressure of 400 mTorr (Fig. 2b) With
increased microwave power, the deposition rate slightly
increases and decreases a microwave power of 1250 W
(Fig. 2c). When the CH3 radicals abundantly exist in
plasma, CH3 radicals are adsorbed on the growing surface
and promote film growth [15]. The CH3 radicals decrease
with increased microwave power, then these result lead to
a decrease of deposition rate. The deposition rate with an

Figure 1. a schematic of experimental setup for a-C:H film deposition by linear microwave Ar/CH4 plasma.
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increase of RF bias power increases, but decreases at RF
bias power 100 W (Fig. 2d). As the RF bias power
increases, the ion energy of Ar+ and CH4

+ ion with respect
to substrate increase [16]. As a result, the deposition rate
decreases because of the ion bombardment. The gas
pressure of Ar/ CH4 mixing gas has a great effect on
deposition rate of the films compared to microwave power
and RF bias power in linear microwave PECVD.

2. Negative DC bias voltage of substrate

It is known that the structural and mechanical properties
of a-C:H films depend on DC bias voltage to substrate
[17,18]. Therefore it is necessary to measure the bias
voltage rather than RF bias power. The DC negative bias
voltage at the corresponding Ar/CH4 mixing gas pressure,
microwave power and RF bias power is shown in Fig. 3a,
Fig. 3b and Fig. 3c, respectively. The absolute value of
negative DC bias voltage decreases by 30.5 V with
variation from 250 mTorr to 400 mTorr. Also, the negative
DC bias voltage decreases by 9.6 V as the microwave
power varied from 750 W to 1250 W. Especially, the
negative DC bias voltage of substrate increases by 69.6 V
as the RF bias power of substrate varied from 50 W to
100 W. RF bias power can be expressed approximately as

. Under the fixed power condition the
variation of bias voltage (Vdc)is directly related to ion
saturation current (Isat). Therefore increase in electron
density and corresponding ion current with pressure and
microwave power results in lower dc bias voltage. 

3. Raman analysis

Raman spectroscopy is widely used to analyze the
different bonding structure of a-C:H films such as the
graphitic band (G-band) at approximately 1580 cm−1 and
the disordered band (D-band) at approximately 1360 cm−1

in the spectrum [17]. The Raman spectra of a-C:H films at
Ar/CH4 gas pressure 300 mTorr is shown in Fig. 4(a). All
Raman spectrum are obtained in the wavenumber range of
700-2000 cm−1 and fitted to two Gaussian peaks such as a
sharp peak (G peak, sp2 bonding) and a shoulder peak (D
peak, sp3 bonding) [1]. It is known that the integrated area
ratio of the D band to the G band (ID/IG) in Raman spectra
indicates sp3 to sp2 ratio of a-C:H films [19]. The ID/IG ratio
with variation of Ar/CH4 mixing gas are shown in Fig.
4(b). The ID/IG ratio increases from 0.67 to 0.75 with
increasing Ar/CH4 mixing gas from 250 mTorr to
350 mTorr. This is attributed to increase of carbon network
between C atoms and dangling bond due to the effect of

Prf Isat Vdc×=

Figure 2. Deposition thickness measurement of the films were
obtained by height difference from (a) AFM image between
bare carbon steel surface and a-C:H film surface, The
deposition rate with (a) Ar/CH4 mixing gas pressure, (b)
microwave power and (c) RF DC bias power

Figure 3. The variation of DC negative bias voltage at the corresponding (a) Ar/CH4 mixing gas pressure, (b) microwave power
and (c) RF bias power.

Figure 4. The Raman spectra with variation of Ar/CH4 mixing
gas : (a) two Gaussian fitting curve of D peak and G peak and
the variation of integrated area ratio of the D band to the G
band (ID/IG) with (b) pressure of Ar/CH4 mixing gas, (c)
microwave power and (d) RF bias power.
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ion bombardment with gas pressure and results in the
increase of sp3 bonding[16]. But the ID/IG ratio decrease to
0.69 at Ar/CH4 gas 400 mTorr and this is caused by the
decrease of ion species due to reduced mean free path of

Ar and CH4 under high pressure. The ID/IG ratio with
variation of microwave power are shown in Fig. 4(c). The
ID/IG ratio increases from 0.67 to 0.72 with increasing
microwave power from 750 W to 1000 W by reason of the
increase of ion species in plasma volume. The ID/IG ratio
decreases from 0.72 to 0.66 with increasing microwave
power from 1000 W to 1250 W. This implies that the ion
species is not continuously increased in despite of the
increase of microwave power. The ID/IG ratio with
variation of RF bias power are shown in Fig. 4(d). The ID/
IG ratio increases largely from 0.49 to 0.72 with increasing
RF bias power. This is attributed to the increase of carbon
network between C atoms like sp3 bond and the decrease
of H atom on the films by reason of the frequent ion
bombardment by increasing negative dc bias with rf bias
power. This result is also reported in Young Ho Son et al
[20].

4. Nano indentation analysis

The mechanical properties of a-C:H films are very
important to evaluate a quality of protective coatings.  The
Vickers hardness operated by nano indentation was tested
by using a loading and unloading curve of a-C:H films
prepared by linear microwave PECVD (Fig. 5). It is known
that the hardness increases as the integrated area ratio (ID/
IG) of Raman spectra increases in Ar/CH4 plasma by rf-
PECVD [21]. These tendency are consistent with our
experimental data. Especially, the increase of DC bias
voltage applied to substrate and the integrated area ratio ID/
IG of Raman Spectra lead to an excellent increment of the
hardness. The hardness increases by 124 percent when the
RF bias power varies from 50 W to 100 W. It is verified

Figure 5. The mechanical properties measurement by
nanoindentation : (a) a loading and unloading curve of a-C:H
films and the variation of Vickers hardness with (b) Ar/CH4

mixing gas, (c) microwave power and (d) RF bias power.

Figure 6. Contact angles (a) without a-C:H films and (b) with
a-C:H films before rubbing test.

Figure 7. The rubbing test to evaluate durability of hydrophobicity of a-C:H film : (a) rubbing test equipment images , the test
result with (b) Ar/CH4 mixing gas, (c) microwave power and (d) RF bias power after rubbing test of 100 times or 200 times.
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that the sp3 bonding configuration increase from previous
Raman result. To control the RF bias power of substrate is
effective to promote the hardness in linear microwave
PECVD.

5. Hydrophobicity analysis

The hydrophobicity of the a-C:H films was determined
by water contact angle. The protective coating thin film for
cutting tools must have hydrophobic properties to cut
adhesive films easily. The water contact angle on carbon
steel without and with a-C:H films is shown in Fig. 6(a)
and Fig. 6(b), respectively. The contact angle is 43.9o for
carbon steel without a-C:H films and 93.2o for carbon steel
with a-C:H films at Ar/CH4 300 mTorr. The contact angle
increases by 112.3 percent with a-C:H films. These
increase of contact angle is caused by a surface roughness
of a-C:H films [1]. The rubbing test was performed to
evaluate adhesion of a-C:H films and durability of
hydrophobicity of a-C:H film (Fig. 7). a-C:H films is not
taken off after a rubbing test of 200 times in all sample
case. Also, any scratch is not discovered on surface of
films. The variation of contact angle for carbon steel with
a-C:H films after a rubbing test of 0 times, 100 times and
200 times is shown in Fig. 8. The contact angle is 93o~94o

except for the gas pressure of 250 mTorr and decreases by
13o~18o after a rubbing test of 200 times. The hydrophobic
properties are sustained in comparison with carbon steel
without a-C:H films in spite of the strain caused by a
rubbing test.

6. XPS analysis

The XPS analysis techniques were used to investigate
the bonding structures of a-C:H films. Figure 9 shows the
XPS C1s narrow peaks of a-C:H film at pressure of
400 mTorr. The three-curve fitting method was adopted for
much better fitting in this study [22]. Generally, the C1s
peak of diamond (sp3 configuration) appeared at about
285eV, and the C1s peak of graphite (sp2 configuration)
appeared at about 284 eV. Also the C1s peak of a-C:H films
is located between 284 eV and 285 eV and the peak position
is determined by the ratio of sp2 and sp3 configuration [23].
The C-O bond is correlated to the connection between
dangling bond and oxygen atom and affected on the
cracking of films [5,24].  The curve fitting was done with

three Gaussian curve of sp2-C, sp3-C and C-O bond,
which is located at 284.14 eV, 284.90 eV and 286.20 eV,
respectively. Özlem Duyer Coşkun et al. reported that the
C1s peak is deconvoluted into three component of sp2-C,
sp3-C and C-O bond, which is arranged to 284.1 eV,
285.0 eV and 286.3 eV, respectively [10]. In all case, the
O1s peak is negligible due to a weak intensity compared to
the intensity of C1s peak and mainly located at 532.1 eV.
The peak position, area of deconvoluted curve (sp2-C, sp3-
C and C-O) and sp3/sp2 ratio of a-C:H films with the Ar/
CH4 gas pressure, microwave power and rf bias power are
listed in Table 1, Table 2 and Table 3, respectively. The
peak position of sp2-C and sp3-C is slightly shifted to lower
binding energy, the area of sp2-C decrease and the area of
sp3-C increases with increasing from 250 mTorr to
350 mTorr. As a result, the sp3/sp2 ratio increases and this
is caused by an increase of hydrogen content with gas
pressure [10,19]. The sp3 bonding  structure characteristics
is prominent under high deposition pressure and the sp2

bonding structure characteristics appeared at low deposition
pressure by Ho J. Ryu et al. [19]. The decrease of sp3/sp2

ratio from 350 mTorr to 400 mTorr is attributed to the
decrease of mean free path of plasma molecular species
and reduced plasma volume to the substrate [25]. The sp3/
sp2 ratio increase with increasing microwave power from
750 W to 1000 W. The plasma ion affected on carbon
network on substrate is Ar+ and CH4

+ [16]. The many

Figure 8. The variation of contact angle for carbon steel with a-C:H films after a rubbing test of 0 times, 100 times and 200 times
in a condition of (a) Ar/CH4 mixing gas, (b) microwave power and (c) RF bias power.

Figure 9. The C1s narrow peak from XPS spectrum at
400 mTorr of Ar/CH4 mixing gas, fitted by three curve
method.

Figure 9. The C1s narrow peak from XPS spectrum at
400 mTorr of Ar/CH4 mixing gas, fitted by three curve
method.
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plasma ion are  formed with increasing microwave power
and accelerated to substrate by rf bias voltage. As a result,
the C-H bond is easily terminated by plasma ions
compared to C-C bond C=C bond and the carbon network
close to the surface is transformed to C-C sp3 bonds [22].
But the sp3/sp2 ratio decrease with increasing microwave
power from 1000 W to 1250 W. The plasma is intensively
generated on quartz tube at higher microwave power and
the microwave power is difficult to transfer to plasma due
to critical density on surface of quartz tube. Therefore, the
production of C-C sp3 bonds decreases. The sp3/sp2 ratio

Table 1. The peak position, areas of deconvoluted peak (sp2-C, sp3-C and C-O peaks) and sp3/sp2 ratio with the variation of
working gas pressure.

Pressure
(mTorr)

Peak position (eV) Area sp3/sp2 
ratiosp2-C Sp3-C C-O sp2-C Sp3-C C-O

250 284.25 285.00 286.20 0.37 1.06 0.17 2.84

300 284.21 284.97 286.19 0.36 1.13 0.28 3.10

350 284.11 284.88 286.17 0.35 1.19 0.24 3.37

400 284.14 284.90 286.20 0.50 1.17 0.25 2.35

Table 2. The peak position, areas of deconvoluted peak (sp2-C, sp3-C and C-O peaks) and sp3/sp2 ratio with the variation of
microwave power.

Microwave
power (W)

Peak position (eV) Area sp3/sp2 
ratiosp2-C Sp3-C C-O sp2-C Sp3-C C-O

750 284.35 284.96 286.09 0.54 0.82 0.19 1.52

1000 284.21 284.97 286.19 0.36 1.13 0.28 3.10

1250 284.29 284.88 286.29 0.37 1.07 0.17 2.89

Table 3. The peak position, areas of deconvoluted peak (sp2-C, sp3-C and C-O peaks) and sp3/sp2 ratio with the variation of rf
bias power.

Rf bias
power (W)

Peak position (eV) Area sp3/sp2 
ratiosp2-C Sp3-C C-O sp2-C Sp3-C C-O

50 284.36 285.02 285.89 0.65 0.91 0.39 1.39

75 284.29 284.98 286.06 0.54 0.95 0.26 1.78

100 284.21 284.97 286.19 0.36 1.13 0.28 3.10

Figure 10. The uniformity evaluation of (a) deposition
thickness and (b) Vickers hardness for each deposition
position.

Figure 11. The uniformity evaluation of contact angle for each deposition position.
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increases rapidly with increasing rf bias power from 50 W
to 100 W. Also the negative dc bias voltage increases in
Fig. 3(c). The plasma ion is easily accelerated to substrate
by higher negative bias voltage with increasing rf bias
power. This XPS result is consistent with previous Raman
analysis and the hardness is related with the sp3/sp2 ratio
from Raman and XPS result.

7. Uniformity analysis 

The microwave plasma is generated from power inlet
along the quartz tube in linear microwave PECVD with a
power source and spread out along the quartz tube. But a
linear decay of plasma density is observed because of the
linear consumption of microwave power along the quartz
tube. So, two microwave sources were used to generate
uniform plasma density at the both ends of the quartz tube
[25]. The deposition uniformity for each position is very
important to deposit a substrate large area. The deposition
thickness, Vickers hardness and contact angle were
investigated to evaluate uniformity for each deposition
position. The deposition thickness, Vickers hardness and
water contact angle for each deposition position were
investigated by means of Alpha-step and nano indentation,
respectively (Fig. 10(a), Fig. 10(b) and Fig. 11.) The
condition of deposition process was set to microwave
power 1000 W, Ar/CH4 mixing gas pressure 300 mTorr and
RF bias 100 W. Both deposition thickness and hardness
were uniform regardless of each deposition position. Also,
hydrophobic properties were identical without deposition
position. The uniform a-C:H films were deposited on
substrate having a length of 350 mm by linear microwave
PECVD from our study. 

IV. Conclusions

a-C:H films which have hydrophobic and wear-resistible
properties were deposited on carbon steel surface by linear
microwave PECVD for cutting tools of adhesive films with
variation of Ar/CH4 mixing gas pressure, microwave
power and RF bias power. As the Gas pressure increases
from 250 mTorr to 400 mTorr, the deposition thickness of
thin film increases rapidly. The deposition rate depend on
a variation of Ar/CH4 mixing gas pressure in linear
microwave PECVD. To control RF bias power is most
effective to obtain an excellent mechanical properties. Also,
The hydrophobic properties are sustained in comparison
with carbon steel without a-C:H films in spite of the strain
caused by a rubbing test. The mechanical properties of a-
C:H films is correspond to the ratio of sp3 C-C and sp2 C-
C configuration from Raman and XPS data. The uniform
a-C:H films were obtained on substrate having a length of
350 mm by linear microwave PECVD despite of 1
microwave power source. 
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