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Surface Analysis of Plasma-Polymerized 
Fluorocarbon Films by X-Ray 
Photoelectron Spectrometry 

M. M. MILLARD and A. E. PAVLATH 

Western Regional Research Laboratory 
Agricultural Research Service 
U.S. Department of Agriculture 
Berkeley, California 94710 

A B S T R A C T  

The surface of films deposited from hexafluoroethane and 
tetrafluoroethylene on plastic and wool textile substrates 
was analyzed by x-ray photoelectron spectroscopy. The 
carbon 1s spectra obtained from the fluorocarbon surfaces 
could be resolved into five lines. The three highest binding 
energy lines were assigned to carbons containing one, two, 
and three fluorine atoms, respectively. Surface oxidization 
was detected by the presence of two oxygen 1s lines on the 
surface of the films. Two fluorine 1s electron lines were 
observed on the surface of the films formed from hexa- 
fluoroethane on wool. These lines were assigned to fluorine 
covalently bound to carbon and ionic fluoride. The surface 
oxygen-fluorine atom ratio was found to vary considerably 
among the various surfaces analyzed. Fluorocarbon films 
obtained from plasma polymerization of te t raf luoroe thylene 
contained a significant amount of trifluoromethyl and fluoro- 
methyl groups on the surface, indicating extensive monomer 
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580 MILLARD AND PAVLATH 

breakdown in the plasma. The degree of substrate coverage 
and the chemical structure of the deposited film could be 
determined from this x-ray photoelectron spectroscopic 
s tudy. 

A low-temperature plasma is a unique gas-phase method for 
polymerizing organic monomers onto a variety of substrates [ 11. 
We [2],  as  well a s  others [l] , have utilized this process to polym- 
erize fluorocarbon monomers onto a variety of surfaces. Fluoro- 
carbon films have been utilized a s  protective coatings to impart 
oil and water repellency to surfaces and soil resistance to fabrics 

In this paper we present the results of the surface analysis of 
plasma-polymerized hexafluoroethane'and tetrafluoroethylene films 
on polymer and wool textiles by x-ray photoelectron spectroscopy 
(XPS). This technique is particularly applicable to the surface 
analysis of plasma-polymerized films and especially fluorocarbon 
films. Photoejected electrons escape from the region of approxi- 
mately 25 A from the surface and, therefore, only the surface is 
analyzed. Plasma-polymerized films a re  known to undergo rapid 
surface oxidation when exposed to the atmosphere, and XPS is 
capable of detecting this oxidation [l]. Fluorine atoms are  capable 
of shifting the binding energy of carbon to a sufficient extent that 
one is able to distinguish between CFS,  CFaR, and CFRz functional 
groups on the surface due to the difference in core electron binding 
energies of carbon [5]. Utilizing surface atom core electron 
binding energy line intensities, one is able to estimate the relative 
atom ratio on the surface [6]. 

on polystyrene, polypropylene, and wool textiles. The plastic 
substrates represent the case of a more smooth and inert surface, 
while wool textile is an example of an extremely uneven surface 
containing various reactive functional groups. It has been generally 
observed that core electron line shapes are related to the smooth- 
ness and regularity of the surface [7]. As anticipated, electron 
line widths were found to be more uniform from films deposited 
on polystyrene and polypropylene. We find that the fluorocarbon 
character of the surfaces studied varied considerably depending 
on the extent of surface coverage and surface oxidation. 

~ 3 ~ 4 1 .  

Data are presented from plasma-polymerized fluorocarbon films 

E X P E R I M E N T A L  S E C T I O N  

C h e m i c a l s  

Research grade hexafluoroethane and tetrafluoroethylene were 
obtained from the Matheson Company, East Rutherford, New Jersey, 
and used as received. 
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PLASMA-POLYMERIZED FLUOROCARBON FILMS 58 1 

P l a s m a  P o l v m e r i z a t i o n  

Fluorocarbon coatings were polymerized onto the polymer and 
wool fabric substrates using an apparatus and procedure previously 
described in the literature [2]. The substrate was surrounded by 
the external electrodes used to excite the plasma. The conditions 
employed to obtain the plasma-polymerized fi lms a r e  given in 
Table 1. 

S u r f a c e  A n a l y s i s  

X-ray photoelectron spectra were measured using a Varian 
IEE- 15 spectrometer with a MgKa target. The application of 
this technique for the surface analysis of textiles has been 
described in considerable detail elsewhere [9, 101. 

C u r v e  F i t t i n g  

The core electron spectra were fitted to Lorentzian o r  
Gaussian peak shapes by a nonlinear least squares computer 

TABLE 1. Plasma Parameters for Deposition of Fluorocarbons on 
Plastic and Wool Substrates 

Power (W) Pressure Time (min) 
net coupled (Torr )  film 

Substrate Gas into gas (in plasma) deposition 
~ ~ 

Polypropylene 

Polystyrene 

Wool 31B 

3 1C 

3 1E 

Polypropylene 

Polypropylenea 

30B 

30E 

50 

50 

25 

25 

75 

50 

50 

25 

75 

5 

5 

2 .5  

5 

1 

7 

5 

2.5 

1 

a No argon carrier gas. 
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582 MILLARD AND PAVLATH 

fitting program [a]. Each function is described by four independent 
parameters. These parameters a r e  the width, the position, an 
intensity factor, and a tail height to peak height ratio. A leading 
constant o r  exponential tail can be used. In order to compare 
results, the combination of parameters giving the most consistent 
fit of all the data in a ser ies  was used. Carbon and oxygen spectra 
were fitted with Lorentzian functions with a leading constant tail. 
Fluorine electron spectra were best fitted using Gaussian functions 
with a leading constant tail. Core electron line widths were found 
to vary considerably when measured on textile surfaces. Fluoro- 
carbon films deposited on smooth polymer substrate gave electron 
spectra whose lines were fairly constant. Using routine operating 
conditions, electron lines measured on the Varian instrument 
obtained from pure organic compounds on tape were around 2.6 eV 
wide. In order to obtain physically realistic fits, electron line 
widths were fixed a t  2.6 eV when oxygen and fluorine electron spectra 
were deconvoluted. Line width for carbon spectra are those selected 
by the computer program that led to convergence. 

R E S U L T S  AND DISCUSSION 

The plasma parameters employed for the polymerization of 
the fluorocarbon monomers on polypropylene, polystyrene, and 
wool fabric a re  given in Table 1. Typical properties common 
to plasma-polymerized films have been discussed extensively 
in a recent review [l]. Previous studies on the deposition of 
fluorocarbon films in the plasma sys tem employed indicated 
that deposition rates between 250 and 450 A/min a r e  typical for 
the plasma polymerization conditions employed in this work [2]. 
Films from hexafluoroethane and tetrafluoroethylene were first 
deposited on polypropylene and polystyrene surfaces. These 
plastic substrate surfaces were fairly uniform, and the films 
deposited on them were used to test the ability of the curve 
fitting procedure to deconvolute the data. 

E L E C T R O N  S P E C T R A  FROM FLUOROCARBON F I L M S  
ON P O L Y P R O P Y L E N E  AND P O L Y S T Y R E N E  

C a r b o n  1s E l e c t r o n  S p e c t r a  

Typical carbon 1s electron spectra obtained from plasma- 
polymerized hexafluoroethane and tetrafluoroethylene on polymer 
substrate a re  presented in Figs. l a  and 2a. The data calculated 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



E
Lg

N
O

IN
G

 
E

N
E

R
G

Y
 

IE
U

I 
1
 

31
10
 

7
4
n
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



MILLARD AND PAVLATH 

-4- 

L 

t 
? 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



FI
G

. 
lc

. 
X

P
S

 s
pe

ct
ra

 fr
om

 p
la

sm
a-

po
ly

m
er

iz
ed

 h
ex

af
lu

or
oe

th
yl

en
e 

fi
lm

s.
 

C
ar

bo
n 

1s
 s

pe
ct

ru
m

 f
ro

m
 f

il
m

 
de

po
si

te
d 

on
 w

oo
l 

fi
be

r 
(s

am
pl

e 
31
C)
. D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



BI
ND

IN
G 

EN
ER

GY
 

lE
U

1
 

-- 
6

8
0

 
-
 E

L
E

n
 

. 
3

1
E

F
 

.
.

 
-
I
,
 

r.
 - U
 .. 0
 

La
 

0
 

n
-

 
I

L
 

z 
-

. 

2
,

 

Q
, 

'.
 

0
. 

C
.

 
7
. s
,

 

5
6

0
 

5
7

0
 

ar 
KI

NE
TI

C 
EN

ER
GY

 
lE

U
l 

Ss
b 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



B
I
N
D
I
N
G
 
E
N
E
R
G
Y
 

(E
U

I 
9

.
 

5
4

0
 

5
3
0
 

8
- 

- n
 

0
 

7
- 

d
 - u
 s

- 
W

 
v
) 0
 

v
) 

6
- 

\
.

 
v
) 

I- z
 
3
 
0
 

u
.

 .- 3
-
 

t 

EL
Et

l 
31
 

B 
0 

I 

FI
G

. 
le

. 
XP

S 
sp

ec
tr

a 
fr

om
 p

la
sm

a-
po

ly
m

er
iz

ed
 h

ex
af

lu
or

oe
th

yl
en

e 
fi

lm
s.

 
O

xy
ge

n 
1s
 s

pe
ct

ru
m

 f
ro

m
 f

il
m

 
de

po
si

te
d 

on
 w

oo
l 

fi
be

r 
(s

am
pl

e 
31

B
).

 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



S w 

w u  
N 

LL u N 

LL U 

U 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



B
I
N
D
I
N
G
 E

N
E
R
G
Y
 

IE
U

l 
0 

?n
n 

7
w
 

E
L
E
M
 

C
Z
F
4
 
30

 
E

 
C 

t 

FI
G

. 
2b

. 
XP
S 

sp
ec

tr
a 

fr
om

 p
la

sm
a-

po
ly

m
er

iz
ed

 t
et

ra
fl

uo
ro

et
hy

le
ne

 f
il

m
s.

 
C

ar
bo

n 
Is
 s

pe
ct

ru
m

 f
ro

m
 f

il
m

 d
ep

os
it

ed
 o

n 
w

oo
l f

ib
er

 (
sa

m
pl

e 
30
E)
. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



BI
ND

IN
G 

EN
ER

GY
 
(E

UI
 

a
.

 
5

4
0

 
5
3
0
 

1 

. 
3

0
E

O
 

I 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



PLASMA-POLYMERIZED FLUOROCARBON FILMS 591 

from the spectra such a s  line position, half width, and relative 
intensities a re  given in Table 2. The spectra were fitted using five 
lines. The rational for a five-line model is the following. The 
binding energies of carbon in fluorocarbon polymers containing 
CFs, CFaR, and CFRa groups, where R is hydrogen o r  alkyl, have 
been reported. The carbon 1s binding energy in the CFS group is 
around 294 e V  and the CFa carbon is 292 in tetrafluoroethylene 151. 
Polymers containing C FRa groups yield binding energies between 
289.4 and 290.9 eV depending on the electronegativity of the R 
group [5, 111. The line a t  lowest binding energy is assumed to 
arise from aliphatic carbon and is used a s  a reference a t  285.0. 
There a re  several functional groups containing carbon that give 
rise to binding energies between 285 and 290 eV. Carbon containing 
a single bond to oxygen, such as alcohols o r  ethers, occura around 
286.5 to 286.8 eV [12]. Carbon in ketones is around 288.1 eV, 
while carbonyl carbon in acids o r  esters occurs around 289.5 [12]. 
The binding energy of carbon is shifted to higher energies when 
fluorocarbon groups a r e  attached and carbon adjacent to carbon 
bonded to fluorine occurs in this range [ 51. 

The spectra were fitted with a fifth line whose position ranged 
between 287.2 and 287.8 eV. There is little doubt that the carbon 
electron lines in the region of 294 and 292 eV are due to CFS and 
C F2R carbons. The carbon electron line around 290 eV is probably 
a combination of lines arising from carbonyl carbon and carbon 
containing one fluorine. The line in the region of 287.5 eV is 
probably a composite of lines due to carbon singly bonded to oxygen 
and carbon attached to carbon bonded to fluorine atoms. The posi- 
tion of the two lines above 285.0 eV are probably least certain; 
however, a reasonably consistent fit of the spectra was obtained. 
Line widths ranged from 2.43 to 2.69 eV for the fluorocarbon 
films deposited onto polymer substrates. 

O x y g e n  1s E l e c t r o n  S p e c t r a  

Polymers formed in plasmas a re  readily oxidized on the surface 
after exposure of the film to the atmosphere [ l ] .  We have previously 
reported that fluorocarbon polymers obtained by plasma polymeriza- 
tion of perfluorobutene-2 contain a high concentration of unpaired 
spins, and these radicals probably react with oxygen yielding 
oxygen-containing species on the surface [2]. The assignment 
of carbon electron lines in the region between 286 and 290 e V  to 
carbon functional groups containing oxygen is also supported by 
the detection of oxygen on the surface of these films. 

the fluorocarbon films on polymer substrate is given in Fig. lb. 
An example of the oxygen 1s electron spectra obtained from 
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592 MILLARD AND PAVLATH 

Oxygen 1s electron line parameters obtained from the spectra are 
presented in Table 2. The oxygen la electron line spectra were 
deconvoluted into two lines for all spectra other than the spectra 
obtained from tetrafluoroethylene films on polymer substrate. 
The oxygen 1s electron spectra consisted of two lines at 532.0 and 
533.4 eV for CaFI polymer on polystyrene and 532.4 and 534.5 eV 
for C Z F ~  polymer on polypropylene. The oxygen Is electron binding 
energy in most organic functional groups occurs around 532 eV [13]. 
This includes oxygen in alcohols, ethers, ketones, and carboxylic 
acids. The oxygen 1s line at higher binding energy is above that 
observed for most organic compounds. The oxygen 1s line at 
higher binding energies was only observed on f i lms containing 
fluorine. We suggest that the higher binding energy oxygen 1s 
line arises when oxygen is bonded to carbon atoms containing 
fluorine such as CFpO-CFz-.  The electron-withdrawing 
fluorocarbon groups could increase the binding energy of the 
oxygen atom. 

F l u o r i n e  1 s  E l e c t r o n  S p e c t r a  

The fluorine 1s electron line appeared to be symmetrical for 
the fluorocarbon films on polypropylene and polystyrene. The 
fluorine 1s electron line from fluorocarbon f i lms polymerized 
from hexafluoroethane had a width of 2.75 eV. The width of the 
fluorine lines obtained from films from polymerized tetrafluoro- 
ethylene ranged in width from 3.0 to 3.3 eV. In general, the 
fluorine electron line was quite intense from these films and 
ranged in intensity from 96 to 160 thousand counts per second. 

ELECTRON S P E C T R A  FROM FLUOROCARBON 
FILMS ON WOOL T E X T I L E  

C a r b o n  Is E l e c t r o n  S p e c t r a  

Using plasma polymerization conditions similar to those employed 
to polymerize films on polymer substrate, the fluorocarbon film 
thickness and density of coverage were much lower when the substrate 
was wool textile. The low level of fluorocarbon film coverage was 
indicated by much lower fluorine electron line intensities and weaker 
carbon electron lines at higher binding energies. The carbon electron 
lines were shifted about 1 eV lower than measured on fluorocarbon 
films on polymer substrate. The binding energy of carbon bonded to 
fluorine not adjacent to other fluorocarbon groups is lower than when 
the adjacent carbon is also fluorinated Clark et al. [5] have studied 
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carbon binding energies in fluorocarbon polymers. For example, the 
binding energy of C FZ carbon adjacent to CH2 is 290.8 eV while carbon 
in tetrafluoroethylene is 292.3 eV. 

Table 2 contains the results of the deconvolution of three carbon 
1s electron spectra from wool fiber exposed to a hexafluoroethane 
plasma. The intensity of the higher binding energy carbon lines as 
well a s  the fluorine electron line intensity varied considerably for 
these samples. Sample 31C, whose carbon spectrum is shown in 
Fig. lc, had a higher fluorine 1s line intensity and contained more 
intense higher binding energy carbon lines. Electron spectra from 
samples 31B and 31E consisted of weak fluorine lines and low 
intensity higher binding energy carbon lines. The five lines from 
spectra 31C a re  interpreted a s  follows. In addition to the reference 
hydrocarbon line at  285 eV, the line at  286.0 eV could contain varying 
contributions from carbon containing single bonded oxygen or  non- 
fluorine containing carbon adjacent to carbon substituted with fluorine. 
The next three higher binding energy lines ar ise  from carbon atoms 
bonded to one, two, or three fluorine atoms not adjacent to other 
fluorine-containing carbon atoms. The carbon line at 288.3 eV 
could contain some contribution from carbon containing a double 
bond to oxygen. The deconvoluted spectrum from sample 31B contains 
a single higher binding energy carbon line at  289 eV in the binding 
energy region expected for carbon bonded to one fluorine atom. 
This sample probably consisted of randomly distributed carbon 
bonded to one fluorine atom. The carbon electron spectra from 
wool fiber exposed to a tetrafluoroethylene fluorocarbon plasma 
are interpreted in the same way a6 the carbon spectrum from 
sample 31C. The carbon electron spectrum from sample 31E 
is given in Fig. 2b. 

O x y g e n  E l e c t r o n  S p e c t r a  

Oxygen 1s lines measured on the wool textiles exposed to the 
fluorocarbon plasmas are given in Table 2, and typical spectra 
are shown in Figs. l e  and 2c. These lines a re  believed to a r i se  
from the same functional groups discussed in the previous section 
on the interpretation of the oxygen spectra obtained from the 
plasma-polymerized fluorocarbon films deposited on polymer 
substrate. 

F l u o r i n e  E l e c t r o n  S p e c t r a  

The fluorine 1s spectra obtained from the fluorocarbon-coated 
wool fibers are also included in Table 2. The fluorine 1s electron 
spectra obtained from plasma-polymerized hexafluoroethylene 
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596 MILLARD AND PAVLATH 

polymer on the wool fiber substrate contained shoulders and the 
spectra were deconvoluted into two lines. The deconvoluted fluorine 
1s spectrum from sample 31E is shown in Fig. Id. The high binding 
energy 1s line around 689 eV is in the region reported for fluorine 
covalently bound to carbon [5, 10, 141. The lower binding energy 
line around 687 eV is in the region reported for fluoride ion [14]. 
The fluorine electron lines measured on wool textile exposed to a 
tetrafluoroethylene plasma were somewhat broader than those 
obtained from the other fluorocarbon surfaces, but symmetrical 
in shape. These lines were not deconvoluted. 

S u r f a c e  C o m p o s i t i o n  f r o m  E l e c t r o n  L i n e  I n t e n s i t i e s  

Some idea of the surface composition of the fluorocarbon films 
can be obtained from the intensities of the fluorine and oxygen 1s 
lines. The calculated fluorine to oxygen atom ratio for several 
plasma-polymerized fluorocarbon surfaces is given in Table 2. 
The electron line intensities were divided by Wagner's atomic 
line intensity correction factors [ 151. This procedure usually 
yields atomic ratios to within 5% [6]. The fluorine to oxygen 
atom ratio on the surface ranged from 16.6 to 0.3, indicating 
considerable variation in the fluorocarbon character of the surface 
as  well as the amount of surface oxidation. 

CONCLUSIONS 

Combining the surface core electron line intensity data and 
the relative electron line positions, a fairly detailed picture of 
the surface resulting after exposure to fluorocarbon plasmas can 
be obtained. Plasma polymerization of hexafluoroethane and 
tetrafluoroethylene onto polymer substrate yielded fluorocarbon 
surfaces with the following characteristics. The fluorine electron 
lines were quite intense, and fairly intense high binding energy 
carbon electron lines associated with carbon bonded to fluorine 
were present. The carbon binding energies were similar to those 
obtained from fluorocarbon surfaces containing adjacent fluorinated 
carbon atoms. Carbon atoms containing one, two, and three fluorine 
atoms are present on the surface, indicating considerable monomer 
breakdown under the plasma conditions employed here. Oxygen 
was detected on the surface, providing further evidence for surface 
oxidation of plasma-polymerized films. 

plasmas was quite different. The fluorine electron lines were 
generally much less intense. The carbon electron lines in the 

The surface of wool fibers exposed to these fluorocarbon 
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region of carbon bound to fluorine were shifted to lower binding 
energies,  indicating that the fluorinated carbon a toms were not 
bonded to other carbon a toms containing fluorine. Carbon a toms  
containing fluorine are probably randomly distributed among 
nonfluorinated carbons. The extent of fluorocarbon film coverage 
was much less in this case. 
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