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Abstract – In order to give hydrophobic surface properties on carbon steel, the fluorinated amorphous 
carbon films were prepared by using linear 2.45GHz microwave PECVD device. Two different 
process approaches have been tested. One is direct deposition of a-C:H:F films using admixture of 
Ar/CH4/CF4 working gases and the other is surface treatment using CF4 plasma after deposition of a-
C:H film with Ar/CH4 binary gas system. Ar/CF4 plasma treated surface with high CF4 gas ratio shows 
best hydrophobicity and durability of hydrophobicity. Nanometer scale surface roughness seems one of 
the most important factors for hydrophobicity within our experimental conditions. The properties of a-
C:H:F films and CF4 plasma treated a-C:H films were investigated in terms of surface roughness, 
hardness, microstructure, chemical bonding, atomic bonding structure between carbon and fluorine, 
adhesion and water contact angle by using atomic force microscopy (AFM), nano-indentation, Raman 
analysis and X-ray photoelectron spectroscopy (XPS). 
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1. Introduction 
 
Durable hydrophobic surface property is an important 

concern in press cutter for adhesive materials such as 
optically clear adhesive film for touch panel displays. In 
such cutting processes, the quality of cutting edges and 
the lifetime of the cutter is actually limited sticking of glue 
on the sides of knife edge. Amorphous hydrogenated 
carbon (a-C:H) based thin films can be a good candidate 
for hydrophobic coating on the steel surface. There have 
been a lot of studies on a-C:H deposition process, surface 
properties and incorporation of different element for 
improving functionality of the films. Fluorine (F), boron 
(B), iodine (I) and phosphorus (P) have been used to 
improve micro-hardness, low friction, optical and electrical 
properties of a-C:H films [1-4]. Especially, the fluorinated 
amorphous carbon (a-C:H:F) films have evaluated for one 
of prospective materials for inter-level low dielectric films 
of ultra large scale integration(ULSI) circuits, photovoltaic 
application [5,6], non-stick and protective coating of 
optical devices and solar cell [7,8]. However reports on 
deposition of a-C:H:F film on a carbon steel, which is base 
material for press-cutter, and durability of the hydrophobic 
surface properties are uncommon.  

In this article, we reported hydrophobic property of a-

C:H:F films coated on carbon steel in addition to many 
other surface characteristics such as surface roughness, 
hardness and chemical bonding structures. In preparing a-
C:H:F films, two different process approaches have been 
performed. One is deposition of a-C:H:F films with 
Ar/CH4/CF4 mixture gas and the other is Ar/CF4 plasma 
surface treatment after coating of a-C:H film with Ar/CH4 

gas. In both cases CF4 flow rate was chosen as main 
process variable to control hydrophobicity. All processes 
are done with a linear 2.45GHz microwave plasma system. 
In this home-made plasma source, microwave power is 
transferred to plasma by coaxial waveguide. This paper 
may be the first report on the a-C:H:F film deposition on 
the carbon steel using linear microwave plasma with 
coaxial TEM mode power coupling. 

 
 

2. Experimental details 
 
The experimental set-up of linear 2.45GHz microwave 

plasma enhanced chemical vapor deposition system was 
schematically given in Fig. 1. The microwave power was 
transferred through rectangular waveguide by TE10 mode 
and coaxial waveguide with linear antenna by TEM mode 
[9]. Efficient TE-TEM power coupling is achieved at 
3/4λg position from the end of rectangular waveguide. 
The 13.56 MHz rf power supply is applied to the substrate 
holder during the deposition for the negative dc self-bias. 
Fig. 2 shows details of process step and gas flow setup. 
Argon gas is injected through the carrier gas shower line to 
the quartz tube to sustain the plasma stably. The CH4 and 
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CF4 gas are injected through the process gas shower line to 
the substrate holder. Fig. 2(a) shows schematics of the two-
step process. Deposition of the hydrogenated amorphous 
carbon (a-C:H) films on carbon steel using Ar/CH4 plasma 
is followed by surface treatment or etching of a-C:H films 
using Ar/CF4 gas mixture. (hereafter called “Surface 
treatment” method). While in Fig. 2(b), CF4 gas is mixed 
with CH4 to form a-C:H:F film (called “coating” method). 
The carbon steel substrates (SK-5, 3cm x 3cm) are 
successively cleaned in commercial metal cleaner, acetone, 
methanol and deionized water. Before the deposition 
process, sputter cleaning by Ar plasma is done for 15 min 
at microwave power 300W and rf power 100W, yielding 
self-bias voltage of -250 V. The substrate holder is located 
10 cm apart from the coaxial plasma waveguide and is 
cooled by circulation water at room temperature.  

For the main deposition processes, working pressure, 
microwave power, rf bias power and process time was 
fixed at 300mTorr, 1000W, 100W and 30 min, respectively. 
The Ar flow rate and CH4 flow rate were fixed at 25 sccm 

while CF4 flow rate was varied from 1 sccm to 3 sccm. 
The film thickness was measured by Bruker’s Dektak 
stylus profilemetry. The surface roughness was investigated 
by atomic force microscopy (AFM). The film microstructure 
was observed from UV Raman Spectrometer in the 
wavelength range of 700-2,000 cm-1 with laser excitation at 
a wavelength of 325nm. The hydrophobic property was 
collected with contact angle goniometer by dropping 
pure water. In order to investigate the durability of 
hydrophobicity and adhesion of deposited films on the 
carbon steel surfaces, rubbing test equipment combined 
with a pendulum having rubber tip and l kg weight load 
has been used. The hardness was measured by nano-
indentation. The chemical bonding structures of the film 
were characterized by X-ray photoelectron spectroscopy 
(XPS, monochromatized Al Kα source, hλ=1486.6 eV). 

 
 

3. Result and discussion 
 

3.1 Deposition rate and adhesion property 
 
The overall deposition rate, including etching of a-C:H 

with CF4 plasma in surface treatment method, is shown in 
Fig. . Etch rate increases with CF4 flow rate for surface 
treatment process. In coating method, on the other hand, 
higher deposition rate is observed in Ar/CH4/CF4 system 
than that in Ar/CH4 plasma case due to increase in the 
density of deposition precursors such as fluorocarbon or 
hydrofluorocarbon radical [10-12]. As the CF4 flow rate 
increases from 0 to 1 sccm, the deposition rate increases 
from 869 nm/min to 1253 nm/min. It is well known that F 
radical or ion is efficient etching agent and there is a 
competition between deposition by C-Hx or C-Fx radicals 
and etching [13-14, 21]. It was reported that deposition rate 
increases until the flow rate ratio of CF4:CH4 become 1:1 
in rf capacitively coupled PECVD system [21]. However, 
in our experiments, the deposition rate starts to decrease at 
only 4% of CF4 mixing with CH4 gas. Higher electron 
density and relatively higher fluorine atom density in argon 

Fig. 1. The schematic diagram of linear 2.45GHz microwave
PECVD system 

 

Fig. 2. The process step and gas flow setup for fluorinated 
amorphous carbon (a-C:H:F) films : (a) surface 
treatment method and (b) coating method 

 
Fig. 3. The deposition rate with CF4 flow rate 
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admixed microwave plasma system may be responsible for 
this result.  

Fig. 4(a) and 4(b) show the method and results for 
testing adhesivity of the deposited film. After rubbing 100 
and 200 times, no signs of exfoliation or peeling-off is 
observed in all coating and surface treatment cases, which 
confirms excellent adhesion of the films. It is noted that 
both cleaning procedure and argon plasma treatment, as 
explained in the experimental method section, are crucial 
factors to get good adhesion property.  

 
3.2 Surface roughness and hydrophobic properties 

 
The surface roughness of a-C:H:F films was measured 

using AFM in terms of arithmetical average roughness (Ra). 
The Ra value is used for investigating the surface 
morphology in many studies [15-16]. The specific Ra value 
with CF4 flow rate in the coating and surface treatment 
method is summarized in Table 1. For the a-C:H films (0 
sccm CF4 flow rate) have a few protuberances and the Ra 
value is 0.459nm. It has been reported that Ra increases 
with CF4/CH4 ratios in a-C:H:F films [12, 21]. Similarly, as 
the CF4 flow rate increases from 1 sccm to 3 sccm, the Ra 
value increases slowly from 0.572nm to 0.904nm in 
coating method. However, it should be noted that absolute 
value of Ra (i.e., Ra 0.459~0.904) is much higher in our 
microwave PECVD with carbon steel substrate than 
absolute value of Rq (i.e., Rq 0.12~0.34) in rf capacitively 
coupled PECVD with silicon substrate [21]. For surface 
treatment method, Ra increases rapidly from 0.629 nm to 
4.398nm with increasing CF4 flow rate. Fig. 5 shows the 
topographical AFM images of surface roughness. Especially 
the surface of films with CF4 3 sccm in surface treatment 
method became very rough compared to the other samples. 
It can be concluded that surface etching with relatively 
high density of reactive chemical species induces rough 
surface. After 100 and 200 times of rubbing, as shown in 

Fig. 4, the Ra value decreases in all cases. The sample 
having initially very rough surface (surface treatment with 
3 sccm CF4 flow) shows most rapid decrease in Ra. 
However, the sample still has highest Ra after 200 times of 
rubs.  

The hydrophobic properties of a-C:H:F films were 
investigated by measuring water contact angle after dropping 
a pure water on surface of films. The water drop images 

Fig. 4. The rubbing test for adhesion properties of a-C:H:F 
films : (a) The equipment image , (b) The surface 
images of a-C:H:F films after rubbing with 100 
times and 200 times 

Fig. 5. The 3D topographical AFM iamges of a-C:H:films 
with CF4 flow rate of CF4 (a) 0, (b) 1, and (c) 3 
sccm in the coating method, (d) 1 and (e) 3 sccm in 
the surface treatment method 

 

Fig. 6. Contact angle images of (a) original carbon steel 
and a-C:H:F films with CF4 flow rate of CF4 (b) 0, 
(c) 1 and (d) 3 sccm in the coating method, (e) 1 
and (f) 3 sccm in the surface treatment method 

 

 

Fig. 7. The variation of contact angle with CF4 flow rate
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and variation of contact angle with CF4 flow rate are shown 
in Fig. 6. and Fig. 7. respectively. The original carbon steel 
surface is hydrophilic and contact angle is 40.4°. When the 
a-C:H films (with CF4 0 sccm) is deposited, the surface 
become more hydrophobic. The contact angle increases 
rapidly to 75.9°. As the CF4 flow rate increases from 1 
sccm to 3 sccm, the contact angle increases from 82.6° to 
94.2° in coating method and increases rapidly from 82.7° 
to 117.2° in surface treatment method. The increase of CF4 
flow rate results in reduction of surface energy of the film 
which is influenced by dispersive component arising from 
instantaneous dipole moment due to more C-Fx bonds 
[10,13]. In addition to lowering the surface energy, increase 
in nanometer scale surface roughness seems to affect 
hydrophobic property.  

Fig. 8 shows the variation of contact angle after rubbing 
test. As the surface of a-C:H:F films becomes smooth and 
flat after rubbing, contact angle decrease. Rapid decreases 
are found after first 100 rubs and then the contact angles 
decrease slowly in next 100 rubs. These behaviors are 
similar with surface roughness variations. In spite of rapid 
decrease in contact angle, the surface treated sample with 
high CF4 flow presents highest value of 80.5°. This result 
suggests that two-step process, CF4 plasma etching after a-
C:H film deposition, can be an effective way for durable 
hydrophobic surface formation on the carbon steel.  

 

3.3 Hardness and microstructure properties 
 
The mechanical properties of a-C:H:F films were 

investigated by means of Vickers hardness with nano-
indentation, as shown in Fig. 9. The Vickers hardness (HV) 
is defined as the load (F) under tip with angle of 136° and 
the diagonal length (d) of a square to be stamped on the 
surface of films after pressing with tip. The Vickers hardness 
(HV) of a-C:H:F films can be expressed as below : 

 

 
2 2

136
2*Fsin

2
HV 1.854

F

d d

 
 
  

 

 
The Poisson’s ratio (ν) of C:H films is determined to be 

0.25 by W. Ding et al [17]. The CF4 flow rate in coating 
method is low compared to that of Ar and CH4. 
Accordingly, it was assumed that a-C:H:F film has the 
same Poisson’s ratio with the a-C:H film in this study. The 
hardness of a-C:H films is 563.8 but that of C:H:F films 
with CF4 1 sccm in coating method rapidly decreases to 

 

Fig. 8. The variation of contact angle after rubbing test 
 

Table 1. The arithmetic average roughness (Ra) of a-C:H:F 
films with CF4 flow rate and rubbing test 

Ra roughness (nm) 
Flow Rate As 

processed 
After 100 

times of rubs 
After 200 

times of rubs
CF4 0 ccm 0.459 0.415 0.405 
CF4 1 ccm  
(Coating) 

0.572 0.525 0.496 

CF4 3 ccm  
(Coating) 

0.904 0.566 0.508 

CF4 1 ccm 
(Surface treatment) 

0.629 0.438 0.399 

CF4 3 ccm 
(Surface treatment) 

4.398 0.709 0.611 

 
Fig. 9. The Vickers hardness of a-C:H:F films with CF4

flow rate 
 

 
Fig. 10. The Raman spectra of a-C:H:F films with CF4

flow rate 
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402.6. Then the hardness slowly decreases from to 402.6 to 
386.6 with increasing CF4 flow rate from 1 sccm to 3 sccm. 
This reduction of hardness is caused by disconnection of 
C-C bonds due to fluorine doping. These results are 
consistent with several studies [8,12,18]. On the hand, the 
hardness of surface treated samples only slightly decrease 
from 570.6 to 536.6 with increasing CF4 flow rate from 1 

sccm to 3 sccm. Invariance of hardness in surface 
treatment method is expected easily because hardness 
depends mainly on the film bulk property, not on the 
surface.  

Raman spectra measured from the wavenumber of 800 ~ 
2000 cm-1 are shown in Fig. 10. Each Raman spectra is 
fitted with two Gaussian curve such as D and G bands to 
represent sp3 and sp2 hybridizations, respectively [19]. The 
general shape of Raman spectra in surface treatment 
method was similar to that of a-C:H films with CF4 0 sccm. 
The area of D and G band in Raman spectra in coating 
method increases with increasing CF4 flow rate. Fig. 11 
presents the variation of ID/IG (area integral ratio of D and 
G band) and G peak position with CF4 flow rate. The ID/IG 
ratio increases and G peak center is shifted to higher wave 
number position with CF4 flow rate in both coating and 
surface treatment. It was reported that high fluorine radical 
break the cross-linking of C-C bond. As a result, the C-C 
bond is changed to CF1 and CF2 bonds [20, 21]. The 
increase amount of ID/IG and G peak position in coating 
method is higher than surface treatment method and this 
implies that the a-C:H:F films in coating method become 
more graphitic.  

 
3.4 Surface chemical compositions and bonding 

characterization 
 
The C1s XPS spectrums with CF4 flow rate are shown in 

Fig. 12. The prominent bond states from C1s peak are C-C, 
C-CF, CF, CF2 and CF3 bonds which are located at 285 eV, 
287 eV, 289 eV, 292 eV and 294 eV, respectively [22]. In 
other reference, the C1s peak were deconvoluted into five 
Gaussian distribution with C-C (284.6 eV), C-CF (287.4 
eV), CF (289.5 eV), CF2 (292eV) and CF3 (294eV) [23]. In 
coating method, the C1s peak was decomposed into four 
peak which is centered at 284.8 eV, 286.5 eV, 289.7 eV and 
292.2 eV. The peak at 294 eV was not appeared. With 
increasing CF4 flow rate the intensity of C-C bonds 
decreased and intensity of C-CF, CF, CF2 increased, means 
that C-C bonds was broken under higher fluorine content 
and the combination between carbon and fluorine atom 
occurred. For the surface treatment method, relatively 
higher C-CF, CF, CF2 and CF3 bonding was clearly 
observed. Especially, when the 3 sccm of CF4 was admixed 
to 25 sccm of Ar, C-CF or CFx bonding dominate the C-C 
bond. The rich fluorine atoms largely perturb the carbon 
chains because of the higher electronegativity of F atoms 
[19]. Highly fluorinated surface seems to be correlated 
with high surface roughness and hydrophobicity.  

 
 

4. Conclusions 
 
Home-made linear microwave PECVD system has been 

prepared for the deposition of a-C:H:F films on carbon 
steel to make hydrophobic surface. Direct deposition using 

Fig. 11. The variation of area integral ratio of D and G 
band (ID/IG) and G peak position with CF4 flow 
rate 

 

 
(a) 

 
(b) 

Fig. 12. The C1s XPS spectrum of a-C:H:F films with CF4

flow rate at (a) coating method and (b) surface 
treatment method 
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Ar/CH4/CF4 gas mixture and two-step process have been 
applied. In two-step process, surface treatment (or etching) 
with Ar/CF4 chemistry has been performed after deposition 
of a-C:H film. The effects of CF4 partial pressure have 
intensively investigated. It was demonstrated that excellent 
adhesion of the film can be obtained with proper cleaning 
steps and Ar plasma treatment. Highest contact angle of 
117.2° was obtained in two-step processed sample with 
high CF4 flow rate condition. AFM and XPS results show 
that high hydrophobicity is closely correlated with 
nanometer scale roughness and highly fluorinated surface 
properties. Film hardness is almost invariant in surface 
treatment process, while the hardness decreases with CF4 
addition in direct deposition process. It can be concluded 
that two-step process is more effective to obtain hard 
hydrophobic surface compared with direct deposition 
process. 
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