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SYNOPSIS 

Polymer films were deposited from the plasma polymerization of the mixtures of hydro- 
carbons, ethane, ethylene, and acetylene, and tetrafluoromethane ( CF4) or hexafluoroac- 
etone (HFA) . The surface properties, the advancing contact angle of water, and surface 
energy of the films deposited and the chemical composition at  the outermost layer of the 
films are discussed from the data of the angular XPS measurements. The plasma polymers 
deposited from the CF4/ hydrocarbon and HFA/ hydrocarbon mixtures contained fluorine 
atoms whose content depended on the CF4 or HFA concentration of the mixtures. The 
hydrophobicity of the films deposited could not be determined by the fluorine content of 
the films but by the chemical composition of the fluorine moieties at  the outermost layer 
of the films. The CF3 moieties rather than the CF2 and CF moieties contribute largely to 
the hydrophobicity of the films. The plasma polymer films deposited from the HFA/acet- 
ylene (87.5 mol % HFA) showed higher hydrophobicity (the surface energy is 9.7 mJ/m2) 
than those from the CF4/acetylene mixture (87.5 mol % CF4) (the surface energy is 13 
mJ/m2).  

INTRODUCTION 

Hydrophobic polymer surfaces potentially call for 
water-repellancy, nonstickness, blood compatibility, 
and wax-free coating for painted surfaces.' For that 
aim, fluoro polymers are frequently used because of 
their high hydrophobicity. A successive process, a 
coating process of fluoro polymer emulsion and a 
curing process of the fluoro polymer, is employed 
commercially for the formulation of hydrophobic 
surfaces.' Instead of the coating process, the surface 
fluorination of polymer substrates and the deposi- 
tion of fluorine polymers onto polymer surfaces have 
been focused The two processes have an ad- 
vantage of hydrophobic surface modification without 
affecting the bulk properties of the polymer sub- 
strates. The surface fluorination, in the chemical 
sense, is a substitution reaction of hydrogen in the 
polymer substrates with fluorine atom. Fluorine gas 
activated by ultraviolet light and fluorine compounds 
such as CF4, C2F6, and SF6 activated by plasma are 
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used as reagents for the direct fluorination reac- 
tion.'-'' The polymer deposition process, which is 
called plasma polymerization, is a thin-film process 
of fluoro polymers, which occurs a t  the surface of 
the polymer substrates. Fluorine-containing, unsat- 
urated, or ring monomers such as tetrafluoroethyl- 
ene, hexafluoropropene, and perfluorobutyltetrahy- 
drofuran are plasma-polymerized by the action of 
plasma, and the plasma polymers deposit on the 
surface of the polymer  substrate^.'^-'^ 

In the practice of surface modification, we should 
direct attention to how hydrophobic the surface of 
the polymer substrates was modified and to how du- 
rable it was. Hydltophobic moieties present at the 
air/polymer interface move away from the surface 
into the bulk of the polymer when the polymer faces 
are exposed to humid atmosphere or are immersed 
into water.12 In this sense, the surface fluorination 
of polymers, especially linear polymers, is not an 
adequate technique for hydrophobic modification. 
Plasma polymers are composed of highly cross- 
linked polymer chains. Accordingly, with the rota- 
tional and diffusional movement of the hydrophobic 
moieties being present, the air /polymer interface 
could be restricted. In this sense, the polymer de- 
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position process by plasma polymerization is effec- 
tive in durability." 

In this study, the formation of hydrophobic poly- 
mer films by the plasma polymerization of fluoro 
compounds and surface properties of the films de- 
posited were investigated. Tetrafluoromethane 
( CF4) and hexafluoroacetone (HFA) , instead of 
unsaturated fluoro compounds such as tetrafluoro- 
ethylene and hexafluoropropene, were used as start- 
ing materials for the plasma polymerization. CF4 and 
HFA give no plasma polymers when excited by the 
action of plasma. The two fluorine compounds, 
however, give some polymers in which the polymer 
chains are extremely cross-linked when plasma-po- 
lymerized in the presence of hydrocarbons. In such 
a mixture system, polymer films will be highly cross- 
linked and are expected to be effective in the du- 
rability of hydrophobicity. Plasma polymerization 
of the CF,/ethane, CF4/ethylene, CF4/acetylene, 
HFA/ethane, HFA/ethylene, and HFA/acetylene 
mixtures were investigated as a function of the CF4 
or HFA concentration. 

EXPERIMENTAL 

Plasma Polymerization 

A handmade reactor that was inductively coupled 
with a radio-frequency (rf)  (13.56 MHz) generator 
(Nihon Koshuka Co., Japan, model SKN-O5P, max 
power 500 W )  was used in this study for plasma 
polymerization. It consisted of a Pyrex glass tube 
(100 mm inner diameter and 605 mm long, volume 
3241 cm3) with a monomer inlet at a distance of 210 
mm from the end of the reactor, a pressure gauge at  
105 mm, and a coil (six turns) for inductive coupling 
of the rf power at  the end of the reactor. The other 
end of the reactor was connected to a vacuum system 
( a  combination of rotary and diffusion pumps). A 
low-density polyethylene sheet (10 X 30 mm X 30 
pm thick) or aluminum foil (5 X 22 mm X 5 pm 
thick) used as substrates for plasma polymer de- 
position were mounted on a glass plate with double- 
side adhesive tape and were positioned horizontally 
in the Pyrex glass reactor. The details of the reactor 
have been given elsewhere.18 

The experimental procedures for the plasma po- 
lymerization were essentially the same as reported 
elsewhere." The reaction system was evacuated to 
approximately 0.13 Pa, and, then, monomer gases 
( mixtures of tetrafluoromethane and hydrocarbons 
or those of hexafluoroacetone and hydrocarbons 1, 
adjusted to a flow rate of 4 cm3 (STP)/min at  1.3 

Pa, were introduced into the reaction chamber. The 
plasma polymerization was continued at an rf power 
of 25 W for 30 min. The polymer deposition rate (in 
pg/cm2 min) from the plasma polymerizations of 
these mixtures was measured from the weight 
change of the aluminum foils before and after the 
plasma polymerization. 

Tetrafluoromethane ( CF4) (99.99% purity, pur- 
chased from Takachiho Trading Co.) , hexafluo- 
roacetone (HFA) (99.9% purity, supplied kindly 
from the Central Glass Co.) , ethane (99.9% purity, 
purchased from Takachiho Trading Co.) , ethylene 
(99.9% purity, purchased from Takachiho Trading 
Co.) , and acetylene (99.9% purity, purchased from 
Takachiho Trading Co.) were used. 

Fourier Transform Infrared Spectra of Deposited 
Plasma Films 

Attenuated total reflection (ATR) IR spectra for 
the plasma films deposited on the polyethylene sheet 
surface were recorded on a Nihon Bunko Fourier 
transform spectrometer FT/IR-3. The crystal of 
KRS-5 was used for attenuated total reflection. The 
purity of the crystal surface was monitored before 
each analysis by recording a spectrum of the bare 
crystal. The incidence angle of infrared light was 
45'. The sampling depth, which is a function of the 
infrared wavelength, the reflective index1' (2.4 for 
KS-5 crystal, 1.4-1.6 assumed for the composite of 
the plasma polymers and polyethylene layers), and 
the incidence angle of infrared light (45" ) , is cal- 
culated to be about 0.5-12 pm in the wavelength 
range of 2.5 to 25 pm. The spectral resolution was 
2 cm-', and 1000 scans were recorded on each 
sample. 

XPS Spectra 

XPS spectra for the plasma films deposited on the 
polyethylene sheet surface were obtained on an U1- 
vac-Phi spectrometer model 5300 using an Alka 
photon source ( a  voltage of 15 kV, a wattage of 400 
W, and a background pressure of 1 X lo-' Pa)  as a 
function of the takeoff angle ( 0 )  (15, 30, 45, and 
75'). The takeoff angle ( 0 )  is defined as the angle 
between the sample surface and the XPS energy an- 
alyzer. The sampling depth ( I )  is calculated from 
the equation 1 = 3X sin 0 (Ref. 19) to be 25,50, 70, 
and 96 A under an assumption of an escape depth 
( A )  of 100 A. The C1, spectra were deconvoluted by 
fitting five Gaussian functions to the experimental 
curve using a nonlinear, least-square curve-fitting 
program supplied by Ulvac-Phi. The following sen- 
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sitivity factors ( S )  for core levels were used to cal- 
culate the relative atomic concentration on surfaces 
of the plasma films: S (C) = 1.00, S (F) = 4.00, and 
S ( 0 )  = 2.64. 

Advancing Contact Angle of Water and Surface 
Energy 

The advancing contact angle of the water and the 
surface energy are indicators of the hydrophobicity 
of the deposited plasma films. The contact angle 
was measured a t  25OC with an Erma microscopic 
goniometer model G-I. Test liquids were twice-dis- 
tilled water, glycerol, formamide, diiodomethane, 
and tricresyl phosphate (analytical grade, purchased 
from Tokyo Kasei Kogyo, Japan) for the estimation 
of the surface energy. The contact-angle measure- 
ments were performed within 10 min after finishing 
the plasma polymerization to avoid the aging of the 
plasma polymer surfaces. The contact-angle data 
were analyzed to determine the surface energy ac- 
cording to Kaelble's method.20 

RESULTS AND DISCUSSION 

Polymer Deposition Rate in Plasma 
Polymerizations of CF,/ Hydrocarbon 
and HFA/ Hydrocarbon Mixtures 

Plasmas of tetrafluoromethane ( CF4) and hexafluo- 
roacetone (HFA) give no polymer deposition but 
give some deposition of fluorine-containing polymers 
when hydrogen sources such as hydrocarbons and 
polyethylene are introduced into the plasmas. In 
such systems, CF4 and HFA are useful fluorinating 
reagents in plasma polymerization. The mechanism 
of the polymer deposition process in the plasma po- 
lymerization of the CF4 / hydrocarbon mixtures has 
been explained by Yasuda21 from the point of view 
of the bond strength of F-F and F-H bonds. In 
this study, ethane, ethylene, and acetylene were 
chosen as hydrogen sources for the assistance of the 
plasma polymerization of CF4 and HFA. From the 
point of view of the polymer deposition, the plasma 
polymerizations of CF4/ hydrocarbon mixtures, CF4/ 
ethane, CF4/ethylene, and CF4/acetylene mixtures, 
and those of HFA/hydrocarbon mixtures, HFA/ 
ethane, HFA/ethylene, and HFA/acetylene mix- 
tures, were discussed. The polymer deposition rate 
in these plasma polymerizations showed strong de- 
pendence on the kind of the hydrocarbons and the 
CF4 or HFA concentration. Figure 1 ( a )  shows the 
polymer deposition rate in the plasma polymeriza- 

Concentration of CF4 or HFA (molo4 

Figure 1 Polymer deposition rate in plasma polymer- 
ization of CF4/ethane (A), CF4/ethylene (0), and CF4/ 
acetylene (0) mixture systems (a)  and in plasma poly- 
merization of HFA/ethane (A), HFA/ethylene (El), and 
HFA/acetylene (0) mixture systems (b)  as a function of 
CF4 or HFA concentration. 

tion of the CF4/ethane, CF4/ethylene, and CF4/ 
acetylene mixtures as a function of the CF4 concen- 
tration. In the plasma polymerization of the CF4/ 
ethane mixtures, the polymer deposition rate in- 
creases slightly from 0.94 to 1.06 pg/cm2 min with 
an increase of the CF4 concentration from 0 to 50 
mol %. In the plasma polymerization of the CF4/ 
ethylene mixtures, the deposition rate decreases 
linearly from 2.3 to 0.26 pg/cm2 min with an increase 
of the CF4 concentration from 0 to 87.5 mol %. Con- 
trarily, the polymer deposition rate in the plasma 
polymerization of the CF4/acetylene mixtures in- 
creases with an increase of the CF4 concentration 
and reaches a maximum (6.1 pg/cm2 min) a t  a CF4 
concentration of 50 mol %. The plasma polymeriza- 
tion of the CF4/acetylene mixtures deposits the 
plasma polymer films at  the fastest polymer depo- 
sition rate of the three polymerizations. 

Similarly, the plasma of hexafluoroacetone 
(HFA) also could interact with hydrocarbon mole- 
cules and gives the deposition of plasma polymers 
containing fluorine atoms. Figure l ( b )  shows the 
polymer deposition rate in the plasma polymeriza- 
tion of the HFA/ethane, HFA/ethylene, and HFA/ 
acetylene mixtures as a function of the HFA con- 
centration. In the plasma polymerization of all the 
three mixtures, the polymer deposition rate is in- 
creased by mixing HFA molecules and reaches max- 
imum deposition rates of 4.17, 3.86, and 4.25 pg/ 
cm2 min in the plasma polymerizations of the HFA/ 
ethane (at  75 mol % HFA) , HFA/ethylene (75 mol 
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% HFA) , and HFA/acetylene mixtures (50 mol % 
HFA ) , respectively. Comparison between Figure 
1 (a)  and (b) shows that the plasma polymerizations 
of the HFA/hydrocarbon mixtures give plasma 
polymers a t  faster deposition rates than do the 
plasma polymerizations of the CF4 / hydrocarbon 
mixtures. From the viewpoint of the polymer for- 
mation, HFA is a suitable monomer for the depo- 
sition of fluorine-containing plasma polymers other 
than CF4. 

Advancing Contact Angle of Water and Surface 
Energy of Plasma Polymer Films Prepared from 
CF4/ Hydrocarbon and HFA/ Hydrocarbon 
Mixtures 

Figure 2 shows the advancing contact angle of water 
on the surface of the plasma polymer films prepared 
from the CF4/ethane, CF4/ethylene, and CFJacet- 
ylene mixtures and their surface energy as a function 
of the CF4 concentration. Influences of the CF4 mix- 
ing on the advancing contact angle of water appear 
a t  CF4 concentrations of more than 50 rnol %. The 
value of the advancing contact angle of water ini- 
tiates an increase near the CF4 concentration of 50 
mol %, and the increase continues with increasing 
CF4 concentration. When the CF4 concentration in- 
creases from 50 to 87.5 mol %, the value of the ad- 
vancing contact angle of water increases from 95 to 
105" for the plasma polymer films prepared from 
the CF4/ethane mixture, from 90 to 104' for the 
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Figure 2 Advancing contact angle of water (open sym- 
bols) and surface energy (closed symbols) of plasma poly- 
mer films prepared from CFJethane ( A ) ,  CF4/ethylene 
(El), and CF4/acetylene mixtures (0) as a function of 
CF4 concentration. 

HFA Concentration (mol%) 

Figure 3 Advancing contact angle of water (open sym- 
bols) and surface energy (closed symbols) of plasma poly- 
mer films prepared from HFA/ethane (A),  HFA/ethylene 
(O), and HFA/acetylene mixtures (0) as a function of 
HFA concentration. 

plasma polymer films prepared from the CF4/eth- 
ylene mixture, and from 103 to 106' for the plasma 
polymer films prepared from the CF4/acetylene 
mixture. At a CF4 concentration of 87.5 mol %, the 
magnitude of the surface energy is 15.3, 14.5, and 
13.0 mJ/m2 for the plasma polymer films prepared 
from the CF4/ethane, CF4/ethylene, and CF4/acet- 
ylene mixtures, respectively. This figure indicates 
that hydrophobic polymer films whose advancing 
contact angle of water reaches more than 100' de- 
posit from the plasma polymerization of the CF4/ 
hydrocarbon mixtures, especially of those contain- 
ing CF4 concentrations of more than 50 mol %, and 
that surface properties, the advancing contact angle, 
and surface energy of the plasma polymer films de- 
pend on the CF4 concentration of the CF4/hydro- 
carbon mixtures. 

The plasma polymerization of the HFA/ hydro- 
carbon mixtures also deposits hydrophobic films. 
Figure 3 shows the advancing contact angle of water 
on the plasma polymer films prepared from the 
HFA/ethane, HFA/ethylene, and HFA/acetylene 
mixtures. The contact angle increases with increas- 
ing HFA concentration, and then at an HFA con- 
centration of 87.5 mol %, it reaches 117, 122, and 
126" for the plasma polymer films prepared from 
the HFA/ethane, HFA/ethylene, and HFA/acet- 
ylene mixtures, respectively. Their surface energy 
at  an HFA concentration of 87.5 mol % is 11.1,12.0, 
and 9.7 mJ/m2 for the plasma polymer films pre- 
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pared from the HAF/ethane, HFA/ethylene, and 
HFA/acetylene mixtures, respectively. By compar- 
ing Figures 2 and 3, we conclude that ( 1 ) the plasma 
polymerizations of the CF4/hydrocarbon and HFA/ 
hydrocarbon mixtures give hydrophobic films, (2)  
the hydrophobicity of the films deposited depend on 
the kind of the hydrocarbons as well as on the CF4 
or HFA concentration of the mixtures, ( 3 )  the 
plasma polymerization of the CF4/ acetylene and 
HFA/acetylene mixtures give higher hydrophobic 
plasma polymer films whose surface energy is 13.0 
and 9.7 mJ/m2, respectively, and (4 )  HFA makes 
the plasma polymer films deposited more hydro- 
phobic than does CF,. 

Chemical Composition of Plasma Polymers 
Prepared from CF,/Hydrocarbon and 
HFA/ Hydrocarbon Mixtures 

The hydrophobicity is considered to be determined 
mainly by the chemical composition of the plasma 
polymer films, especially the outermost layer of 
about 30 A thick. The surface layer of the plasma 
polymer films was analyzed by ATR FTIR spec- 
trometry and angular XPS. The plasma polymer 
films deposited from the plasma polymerization of 
the CF, / acetylene and HFA / acetylene mixtures 
were used as the specimens to be analyzed. The 
plasma polymer films deposited from the CF4/acet- 

a, 0 

2 
5: 
9 

Figure 4 

v 

CF4 Concentration 

I I  I I I 
3o0O2ooo 1500 loo0 5oc 

Wave Number (cm-1) 

IR spectra of plasma polymer films prepared 
from CFJacetylene mixtures as a function of CF4 con- 
centration. 
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Figure 5 F/C and O/C atomic ratios for plasma poly- 
mer films prepared from CF,/acetylene containing CF, 
concentrations of 75 ( A )  and 87.5 mol % (0) and HFA/ 
acetylene mixtures containing HFA concentrations of 75 
(A) and 87.5 mol % ( 0 )  as a function of takeoff angle 
(sin 0 ) .  

ylene and HFA/acetylene mixtures showed similar 
IR spectra. Figure 4 shows typical IR spectra of the 
films deposited from the acetylene /CF4 mixtures as 
a function of the CF4 concentration. Strong absorp- 
tion peaks due to C-F stretching vibration and CF3 
deformation vibration appear at 1230 and at 740 
cm-', respectively, and absorption peaks due to 
C-H stretching vibration and C-H deformation 
vibration also appear at 2910,2850, and 1460 cm-1.22 
At a CF, concentration of 87.5 mol %, the peak po- 
sition of C -F stretching vibration shifts to higher 
wavenumber regions. This shift indicates the for- 
mation of CF3 moieties.22 The intensities of the ab- 
sorption peaks due to the C-F stretching vibration 
and CF, deformation vibration increase with in- 
creasing CF, concentration. The spectra suggest that 
the plasma films deposited contain fluorine atoms, 
that the concentration of fluorine atoms incorpo- 
rated is increased with increasing CF4 concentration 
of the CF,/acetylene mixtures, and that the incor- 
poration of the fluorine atoms may be closely related 
to the hydrophobicity of the plasma polymer films. 

The elemental composition of the plasma polymer 
films deposited was analyzed with XPS. Practically, 
the F/C and O/C atomic ratios of the outermost 
layer of the plasma polymer films were estimated 
from the data of the angular dependence of the XPS 
spectra. In XPS measurement, the effective sam- 
pling depth is proportional to the mean-free path of 
electron and inversely proportional to sin 8, where 
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Table I Elemental Composition Present at Outermost Layer of Plasma Polymer Films Prepared 
from CF4/Acetylene and HFA/Acetylene Mixtures and Surface Energy 

Atomic Ratio at 
Outermost Layer 

Monomer Mixture CF, or HFA Concentration Surface Energy 
for Plasma Polymerization (mol %) F/C o/c (mJ/m2) 

CF/acetylene 75 1.8 8.0 X lo-' 21.0 
87.5 2.2 2.0 13.0 

HFA/acetylene 75 1.4 8.0 18.6 
87.5 1.5 3.6 9.7 

8 is the takeoff angle of the photoelectron, which is 
defined as the angle between the sample and the 
energy analyzer. The relative intensity ratios of the 
F1,/C1, and O1,/C1, core levels, which means the F/ 
C and O/C atomic ratios, were plotted against sin 
8, and the F /C and O/C atomic ratios for the out- 
ermost layer of the plasma polymer films were es- 
timated by the extrapolation of sin 6' = 0 (6' = 0 
degrees). Figure 5 shows the F/C and O/C atomic 
ratios against sin 6 for the plasma polymer films 
prepared from CF4 /acetylene and HFA / acetylene 
mixtures containing CF4 and HFA concentrations 
of 75 and 87.5 mol %. The four plasma polymers 
prepared from CF, / acetylene and HFA/acetylene 
mixtures show less dependence of the F /C and O/  
C atomic ratios on the takeoff angle of the photo- 
electron. This indicates that the plasma polymer 
films deposited possess the homogeneous elemental 
composition in the range of at least the effective 
sampling depth (25-96 A ) .  Table I shows the F/C 
and O/C atomic ratios a t  the outermost layer, which 
were estimated by the extrapolation. The plasma 
polymers prepared from the CF4/acetylene mixture 
have higher F/C atomic ratios at the outermost layer 
than do the plasma polymers from the HFA/acet- 
ylene mixtures. The value of the F /C atomic ratio 
is 2.2 and 1.8 for the plasma polymers prepared from 
the CF/acetylene mixtures containing CF4 concen- 
trations of 87.5 and 75 mol %, respectively, and 1.5 
and 1.4 for the plasma polymers from the acetylene/ 
HFA mixtures containing HFA concentrations of 
87.5 and 75 mol %, respectively. The plasma poly- 
mers from the acetylene/HFA mixture containing 
an HFA concentration of 75 mol % possess the low- 
est F /C atomic ratio of 1.4. The value of the O/C 
atomic ratio for the four plasma polymers is negli- 
gibly low (2.0-8.0 X lo-') compared with the F/C 
atomic ratio. From the results of the estimation, it 
is clear that the plasma polymerizations of the CF4/ 
acetylene and HFA/acetylene mixtures give plasma 

polymers containing fluorine atoms and that the 
higher the CF4 and HFA concentration of the CF4/ 
acetylene and HFA/ acetylene mixtures are the 
higher the fluorine content of the plasma polymers 
deposited is. Also, more CF4 molecules are incor- 
porated into the plasma polymers deposited than 
are HFA molecules. 

A relationship between the elemental composition 
at  the outermost layer and the hydrophobicity of 
the plasma polymer films was discussed. The surface 
energy of the four plasma polymer films is tabulated 
in the fifth column in Table I. The plasma polymer 
films prepared from the CF4/acetylene mixtures 
containing CF4 concentrations of 75 and 87.5 mol 
% show surface energy of 21.0 and 13.0 mJ/m2, re- 
spectively, and the polymers from the acetylene/ 
HFA mixtures containing HFA concentrations of 
75 and 87.5 mol % possess values of 18.6 and 9.7 
mJ/m2, respectively. From the comparison in Table 

m 
0.10 5 M 'E 

1.0 

0.05 

0 
'0 0.2 0.4 0.6 0.8 1.0 

sin 8 

Figure 6 XPS (CIS) spectra for plasma polymer films 
prepared from CF4/acetylene mixture (87.5 mol % CF,) 
as a function of takeoff angle (sin 0 ) .  
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Table I1 
Polymer Films Prepared from CF4/Acetylene and HFA/Acetylene Mixtures 

Relative Concentration of CIS Components Present at Outermost Layer for Plasma 

Relative Concentration of C1, Components (mol %) 
Monomer Mixture CF4 or HFA Concentration 

for Plasma Polymerization (mol %) CH-CF CH-CF, CHF CF2 CFa 

CFdacetylene 75 19.1 26.4 22.7 17.9 14.0 
87.5 7.4 20.1 23.7 29.1 19.7 

HFA/acetylene 75 26.1 23.6 17.1 15.2 18.0 
87.5 15.7 22.9 17.4 20.7 23.8 

I, we observe no relationship between the F/C 
atomic ratio and the surface energy of the plasma 
polymer films. This suggests that the hydrophobicity 
of the plasma polymer films could not be determined 
by how much a concentration of fluorine atoms has 
been incorporated, but, instead, could be by what 
fluorine residues (chemical structure) have been in- 
corporated into the plasma polymer films. 

The plasma polymer films prepared from the CF4/ 
acetylene and HFA/acetylene mixtures showed 
similar Cl, core level spectra that contain five com- 
ponents: CH-CF a t  286.4 eV, CH-CF, a t  287.8 
eV, CHF at  289.3 eV, CF2 at  291.5 eV, and CF3 fea- 
tures a t  294.0 eV.23 Typical CIS core level spectra for 
the plasma polymer films prepared from the CF4/ 
acetylene containing a CF concentration of 87.5 mol 
% are shown in Figure 6 as a function of the takeoff 
angle. From the angular dependence of the five C1, 
components, the concentration of the five compo- 
nents at the outermost layer was estimated by the 
extrapolation of sin 0 = 0. Table I1 shows the relative 
concentration of the five components a t  the outer- 
most layer for the plasma polymer films prepared 
from the CF4/acetylene and HFA/acetylene mix- 
tures. The plasma polymer films prepared from the 
HFA/acetylene mixture containing an HFA con- 
centration of 87.5 mol % show the highest CF3 con- 
centration (23.8 mol % ) , and the plasma polymer 
films from the acetylene /CF4 mixture containing a 
CF4 concentration of 75 mol % show the lowest CF3 
concentration ( 14.0 mol % ) . We can find out that 
there is a linear relationship between the CF3 con- 
centration at  the outermost layer and the surface 
energy (Fig. 6) .  This relationship indicates that the 
CF3 groups rather than CF2 and CF groups at  the 
outermost layer contribute mainly to hydrophobicity 
of the plasma polymer films. The importance of the 
chemical composition of the fluorine residues in hy- 
drophobicity is pointed out. The CF4/acetylene 
mixtures give plasma polymers rich in fluorine at- 

oms, but their hydrophobicity is low. The HFA/ 
acetylene mixture, however, deposits plasma poly- 
mers poor in fluorine atoms, but their hydrophobic- 
ity is high. This discrepancy may be due to the dif- 
ference of the CF3 concentration of the plasma poly- 
mer films, especially a t  the outermost layer. From 
the viewpoint of the chemical composition, we con- 
clude that HAF is a more suitable reagent than is 
CF4 to produce hydrophobic fluorine polymer films. 
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