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Abstract−The direct deposition of polymeric films with a torch-type atmospheric pressure plasma using benzene,

n-hexane and cyclohexane in Ar was performed on several substrates. The surface morphologies of the films deposited

with n-hexane and cyclohexane were uniformly smooth for all deposition thicknesses, and the typical water contact

angle on the films indicating the degree of hydrophobicity was about 85
o

. However, the films deposited using benzene

had a micro-coarse surface morphology and showed a superhydrophobic property with a water contact angle exceeding

150
o

. Some trace of oxygen incorporation was shown in all films due to the plasma deposition process in an air ambient.

The small amount of oxygenated species did not lead to a decrease of hydrophobicity of the films.
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INTRODUCTION

Hydrophobicity has attracted interest for applications such as self-

cleaning, prevention of snow adherence, and reduction of contami-

nation. The maximum water contact angle of a smooth hydropho-

bic surface is typically about 110o, but with a rough hydrophobic

surface, the contact angle can be higher than 150o [1-3].

Plasma polymerization is useful for depositing thin lms from several

hydrocarbon precursors. In particular, atmospheric pressure plasma is

very useful because it does not require a vacuum chamber and asso-

ciated pumping system [4,5]. Plasma processes have been widely

studied and developed for preparing several hydrophobic lms [6-8]. In

a previous study [9] where the substrate was textured with an appro-

priate roughness and the film was produced with atmospheric pressure

plasma of CH4/Ar, which creates an extremely smooth layer on at sur-

faces, a water contact angle higher than <150o was realized. This im-

plies that films deposited using atmospheric pressure plasma with hy-

drocarbon precursors can have superhydrophobicity and an extremely

high water contact angle as long as appropriate roughness is provided.

An optimized process is thus needed for deposition of hydro-

phobic hydrocarbon films under the conditions of atmospheric pres-

sure plasma. When using hydrocarbon precursors with different struc-

tures such as benzene, n-hexane, and cyclohexane for plasma poly-

merization, different surface properties will be obtained due to the

differences in the molecular shape and electronic structure of each

hydrocarbon precursor. This paper presents the surface characteris-

tics of films deposited with a torch-type atmospheric pressure plasma

using C6 hydrocarbon precursors such as benzene, n-hexane, and

cyclohexane diluted with Ar gas.

EXPERIMENTAL

The deposition of hydrocarbon films on a substrate using atmo-

spheric pressure plasma was carried out with a dielectric barrier dis-

charge (DBD) torch plasma system as shown in Fig. 1. The AC pow-

ered electrode was composed of stainless steel with an out-diame-

ter (OD) of 12mm; the dielectric material for the DBD system was

a quartz tube with a 20mm OD and 2mm thickness. A grounded

electrode composed of a stainless steel net had the appearance of a

wrapped quartz tube. Argon (99.999% purity) was used as a carrier

gas and its total ow rate was fixed at 1L/min. A separate gas stream

containing the precursor was generated by owing Ar through a bub-

bler containing bezene, n-hexane, and cyclohexane liquid. The reagent

gas stream ow rate was varied to obtain a certain concentration of

precursor (1-5 vol%) in the mixed gas stream. The substrates were

placed at a fixed position, located 1mm apart from the DBD plasma

torch. The water contact angle, as a measure of the hydrophobicity

of the films, was evaluated with a lab-made analysis system. All

measurements were carried out under ambient conditions (60% RH,

~20). X-ray photoelectron spectroscopy (XPS) was used to analyze

the surface chemistry of the hydrocarbon film surfaces. XPS data

were obtained with a VG Multilab using Mg-K
α
 with a X-ray source

(1,253.6 eV) operated at 15 keV and 300W. Chemical analysis of

the films was monitored by Fourier-transform infrared spectroscopy

(FTIR, FT-3000 MX Excalibur). The surface roughness of the hydro-

carbon film was examined using atomic force microscopy (AFM,

Nano Scope Multimode) and a silicon nitride tip was used as a probe.

The thicknesses and the surface morphology of the lms deposited

with benzene, n-hexane, and cyclohexane were monitored with an

ultra high resolution scanning electron microscope (UHR-SEM,

Hitachi S-4800).

RESULTS AND DISCUSSION

The thickness of the films on the Si substrate was measured by

cross-sectional SEM to analyze the deposition rate. The deposition

conditions were as follows: an applied voltage of 9 kV; benzene,

n-hexane, and cyclohexane concentration of 1, 3, and 5 vol% in

Ar; a gap from the DBD-torch tip to the substrate surface of 1mm;
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and a total gas flow rate of 1 L/min. The thickness of the films de-

posited with n-hexane and cyclohexane for 5min was ~1.0, ~3.0,

and ~6.5µm at precursor concentration of 1, 3, and 5 vol%, respec-

tively. The resulting difference in the film deposition rate was not

exhibited when the precursors were n-hexane and cyclohexane. Also,

the films had an extremely smooth surface morphology on the flat

substrates, as shown in Fig. 2. However, the film deposited with

benzene precursor showed thickness of 2.5, 4.8, and 8.5µm at the

same concentrations, respectively. The growth rate of the film from

benzene was almost twice that of the films prepared with n-hexane

and cyclohexane at the same deposition conditions. From a com-

parison of surface roughness, the film prepared with benzene had a

surface morphology with relatively greater micro-coarseness and

showed dependence of deposition time. The average roughness was

about 60 nm at deposition time greater than 30 sec.

The concentrations of reactive species in n-hexane/Ar and cyclo-

hexane/Ar plasma were not high enough for condensation and forma-

tion of particulates in the gas phase. This implies that the reactive

radical concentration in the plasma was not high enough for solid

particulate formation in the gas phase [10,11], and consequently

the reactive species diffused to the substrate surface where hetero-

geneous reactions took place. In the case of benzene, it has an opti-

mum molecular structure in terms of increasing the probability of

particle formation in the gas phase during the plasma deposition pro-

cess [12,13]. This led to the production of a film with rough surface

morphology as shown in Fig. 3.

The chemical composition of the lm was determined with XPS.

Fig. 4 presents the XPS survey spectra of the hydrocarbon lms. Al-

though the precursor gas contained only carbon and hydrogen, the

plasma-deposited lms had an oxygen element. This was due to the

activation of air in the atmospheric plasma. The C 1s high resolu-

tion spectra did not show discernible structures other than a broad

main peak at 285 eV. A small asymmetric tail in the high binding

energy side is ascribed to oxygenated species. The O 1s peak was

centered at <533 eV [14]. It is noteworthy that the lm deposited in

atmospheric pressure plasmas contained oxygenated species, but

still had hydrophobic water contact angle. The oxygen and water

molecules in the air were also activated in the plasma [15]. If the

detected oxygenated species are mostly present at the surface, a fairly

hydrophilic surface will be produced, which will give a low water

contact angle.

Fig. 5 presents the FTIR spectra of the plasma-deposited lms using

benzene, n-hexane, and cyclohexane. The peaks at 2,960, 2,930,

2,870, 1,450, and 1,380 cm−1 correspond to the vibrations of asym-

Fig. 1. (a) Schematic diagram of torch-type atmospheric pressure plasma. (a) Deposition system; (b) Real shape of plasma generation in air.

Fig. 2. Surface roughness of the films deposited with benzene, cyclo-
hexane, and n-hexane, which were measured by AFM ac-
cording to the deposition time.



1482 H. H. Son et al.

July, 2013

metric CH3 stretching, asymmetric CH2 stretching, symmetric CH3

stretching, CH2 deformation, and CH3 deformation, respectively

[16]. Especially, in the case of benzene, the peak at 3,305 cm−1 is

assigned as CH triple bond stretching, and the peaks related to the

aromatic rings at 1,600-1,500 cm−1 indicate that the benzene mole-

cule is preserved to some degree in the deposited film. The broad

peak at 3,450 cm−1 was due to the hydroxyl groups, and the weak

peaks at 1,710 and 1,610 cm−1 can be assigned to carbonyl groups

(C=O). The peaks at 1,105 and 1,260cm−1 are ascribed to C-O vibra-

tions. These oxygenated species are attributed to activation of air

molecules inside the atmospheric plasma. Compared to the case of

using cyclohexane, the lm from n-hexane had a signicant symmetric

CH3 stretching peak (2,960 cm
−1). The CH3 groups in the cyclohex-

ane precursor lm are believed to have been generated by recombi-

nation reactions of the cyclohexane fragments.

Images of water droplets on the films with benzene, n-hexane,

and cyclohexane produced on Si water, alumina, and a slide glass

substrate are shown in Fig. 6. The water contact angles are plotted

as a function of deposition time. The maximum contact angle was

about 85o regardless of the type of substrates and film thickness.

This value is very close to the water contact angle of polycarbonate

(about 83o) [17]. It was reported that CH4/Ar plasma produces an

extremely smooth polymer lm on a surface containing CH2 back-

bones and CH3 side groups [9]. On flat substrates, the water contact

angle of the CH4/Ar plasma film was ~90
o, but on a rough surface

such as cotton, the contact angle reached 150o. The water contact

Fig. 3. Cross-sectional SEM images of the films deposited from ben-
zene, cyclohexane, and n-hexane.

Fig. 4. XPS spectra and high resolution C1s spectra positioned at
285 eV of the hydrocarbon films deposited with benzene,
n-hexane, and cyclohexane precursors in the Ar plasma (pre-
cursor concentration=1 vol%, applied voltage=9kV, depo-
sition time=5min).

Fig. 5. FTIR spectra of the hydrocarbon films deposited with ben-
zene, n-hexane, and cyclohexane precursors in Ar plasma
(precursor concentration=1 vol%, applied voltage=9 kV,
deposition time=5min).
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angle of films deposited with benzene was more than 150o, thus

showing superhydrophobic surface properties.

These results suggest that when a stable process for moderate

hydrophobic films is applied, the degree of hydrophobicity can be

controlled by modifying the surface roughness of the substrates. The

strong advantages of atmospheric pressure plasma can be exploited

Fig. 6.Water contact angle on the films deposited with benzene, cyclohexane, and n-hexane precursors in Ar plasma according to the
deposition time. The left side figures show the effect of precursor concentration and the right side figures show the effect of the
substrate. Optical images present the initial water droplet on a bare silicon substrate and a droplet on a silicon substrate coated
with a hydrocarbon film for 5 min.
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for continuous in-line manufacturing of hydrophobic hydrocarbon

film using various precursors, and it can be applied to any surface

regardless of the type of substrate.

CONCLUSION

This study showed that a torch-type atmospheric pressure plasma

with benzene/Ar, n-hexane/Ar and cyclohexane/Ar can be used to

effectively deposit hydrophobic lms on several flat substrates. The

films prepared with n-hexane and cyclohexane precursor showed a

relatively smooth surface morphology and had a uniform water con-

tact angle along with constant film deposition thickness on the flat

substrates. The films from n-hexane/Ar or cyclohexane/Ar plasma

exhibited a water contact angle of about 85o. Otherwise, the films

deposited with benzene precursor showed almost two-fold greater

deposition rate at the same conditions relative to those deposited

with n-hexane and cyclohexane. The films produced using ben-

zene showed a micro-coarse surface morphology and revealed a

superhydrophobic surface property with a water contact angle of

over 150o due to the coarse surface.
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