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Plasma Polymerization of Tetrafluoroethylene. I.
Inductive Radio Frequency Discharge

H. YASUDA* and N. MOROSOFF, Research Triangle Institute, Research
Triangle Park, North Carolina 27709, and E. S. BRANDT and C. N.
REILLEY, Department of Chemistry, University of North Carolina,

Chapel Hill, North Carolina 27514

Synopsis

The plasma polymerization of tetrafluoroethylene in an inductively coupled radio frequency glow
discharge, using a flow system, was studied. A simple long tube reactor, with the coupling coil placed
at the middle of the tube and gas entrance and exit at the respective ends, was used. Deposition
rates and the chemical nature of the polymer (as revealed by ESCA spectra and surface energy
studies) are obtained as a function of location in the reactor tube with respect to the coupling coil
and of applied energy per unit mass of tetrafluoroethylene (W/FM). It was found that a fluorine-
poor polymer, containing considerable carbon-oxygen bonds (after contact with air), is obtained
at all locations at high W/FM. When a low W/FM is utilized, such a fluorine-poor polymer is also
obtained at locations downstream from the coupling coil (the location of the highest energy density)
in the reactor. In the latter case a fluorine-rich polymer containing very little oxygen is formed
upstream from the coil. The polymer deposition rate distribution is also considerably broader in
a high W/FM plasma than when low W/FM is used. These results are in agreement with earlier
studies indicating that fluorine abstraction and decomposition due to fluorine etching occur when
the energy density, as expressed by W/FM, is high.

INTRODUCTION

The most important feature of plasma polymerization is that ultrathin layers
of highly crosslinked polymer network which adhere tenaciously to an organic
polymer substrate can be obtained directly from the vapor of the monomer by
a relatively simple process of electric discharge. On the other hand, the actual
chemical reactions involved in this simple operation are extremely complex, and
the advantageous features mentioned above become serious drawbacks in an
effort to elucidate chemical reactions involved and/or properties of polymers
formed. The highly crosslinked and grafted layer hampers the conventional
analysis of polymers, such as the determination of molecular weight (and its
distribution) and structural analysis which can be applied to a solution of poly-
mer. Therefore, the basic study of plasma polymerization is extremely difficult
and the understanding of the process lags far behind the technical exploitation
of the process.

Data obtained by analysis of gas phases, such as by mass spectrometry’-10 and
by emission spectroscopy!! measurements, and the analysis of polymers that
are soluble in solvents!!12 provide important information. However, this is not
direct information on polymers resulting from plasma polymerization that have
the unique characteristics and advantages described above.
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1004 YASUDA ET AL.

The use of ESCA (electron spectroscopy for chemical analysis) has a special
appeal in the study of plasma polymerization, because the analysis is based on
the surface (to a depth of less than 50 A) and is not hampered by the properties
of the substrate. On the other hand, due to typically small binding energy
changes (i.e., chemical shifts) of organic elements, ESCA is primarily used for
elemental analysis of the surface. The structural analysis of organic compounds
by ESCA is limited to some special cases where large chemical shifts can be ob-
served (i.e., typically >2 eV). Consequently, for the study of plasma polymer-
ization of hydrocarbons, for instance, ESCA provides rather limited information
since the chemical shift in the binding energy of carbon due to various chemical
structures in such a polymer, where carbon is bound primarily to other carbons
and hydrogens, is typically too small to be detected in a quantitative manner.

However, the use of perfluorocarbons as monomers for plasma polymerization
provides an interesting model study because fluorine causes a large (ca. 2-3 eV
per fluorine atom) chemical shift in the binding energy of carbon. The study
of plasma polymerization of tetrafluoroethylene by ESCA has pointed out im-
portant aspects of plasma polymerization which were not obvious in plasma
polymerization of hydrocarbons. This point can be further elaborated by an
example of plasma polymerization of tetrafluoroethylene.

When polytetrafluoroethylene is formed from monomer tetrafluoroethylene
by a conventional method, all carbons excluding terminal groups in the polymer
contain two fluorine atoms. Consequently, the ESCA Cls peak of polytetra-
fluoroethylene (e.g., Teflon TFE) is a singlet at about 292 eV. However, a typical
plasma polymer of tetrafluoroethylene generally contains Cls peaks corre-
sponding to CF3, CFs, CF, and hydrocarbon carbon (not attached to F).

It is also observed that under certain conditions a plasma polymer of tetra-
fiuoroethylene similar to Teflon TFE can be obtained.!* This implies that
considerable rearrangement of monomer structure, perhaps due to fragmentation
and recombination, occurs during the process of forming a polymer in plasma.
This kind of rearrangement would also occur in plasma polymerization of hy-
drocarbons; however, no tool is currently sensitive enough to investigate the ef-
fects directly.

Thus, tetrafluoroethylene, or perfluoro carbons in general, provide an ideal
case for ESCA polymer studies because the structural aspects of polymer and
the polymerization mechanisms which lead to such structure can be investigated
by this technique as functions of experimental parameters. Therefore, in this
study tetrafluoroethylene was chosen as a monomer for plasma polymerization
in order to investigate the effects of various experimental factors, such as flow
rate, discharge power, etc.

Using a simple straight-tube reactor, the properties of polymer are investigated .

as a function of location within a tube. In such a reactor, glow extends in the
upstream side of the rf coil nearly as far as in the downstream side. Therefore,
it provides an interesting case for studying the interrelationship of monomer flow,
transport of excitation, and polymer formation.

EXPERIMENTAL

The reaction tube used in this study is a straight Pyrex glass tubing (0.D. 16
mm and length approximately 100 cm) with a standard tapered glass joint at each
end by which the reactor is connected to a vacuum system which has been de-
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PLASMA POLYMERIZATION OF TFE 1005

scribed in previous studies. The rf coil is located in the center of the reaction
tube, and the monomer is introduced into one end of the tube and pumped out
from the other end. The location of the center of the rf coil is taken as the zero
point, and the distance from the zero point is measured in the direction of
flow.

Polymer is collected onto 1 X 2 ¢cm aluminum foils which are placed inside a
glass tube (0.D. 11 mm and length approximately 5 cm). The inner glass tubes
(with and without aluminum foil) are inserted into a reaction tube so that alu-
minum foils will be located at the designated positions.

Based on results of a previous study,!3 two levels of energy input, i.e., 1.9 X
107 and 7.7 X 108 J/kg monomer, were employed. The energy input level (in
joules per kg of monomer, J/kg) is given by (W/FM) X 1.34 X 10°, where W is
discharge power in watts, F' is flow rate in cm3 (S.T.P.)/min, and M is molecular
weight in grams.1®

At the lower level of energy input, the plasma glow covers only a part of the
reactor tube, and two aluminum foils in the downstream side are located in the
nonglow region. Glow in the upstream side of the rf coil extended just beyond
the foil located at the —18 cm position. At the higher level of energy input, glow
covers the entire length of the reaction tube.

The weight increases of the aluminum foils were measured by a Cahn elec-
trobalance to calculate the deposition rate at each location.

ESCA spectra were obtained by using a du Pont Model 650 spectrometer with
a MgKa x-ray source and equipped with a microcomputer data acquisition and
processing system. The details of experimental procedures were described in
a previous paper.16

Surface energy analyses were carried out by measuring contact angles of var-
ious liquids of known surface energy components, and the dispersive force
component y4 and polar component vy, were calculated according to the methods
described by Kaeble.l?

RESULTS AND DISCUSSION

The deposition rate observed in the glow region of the rf discharge is propor-
tional to the flow rate of the monomer. Therefore, in order to compare the
polymerization characteristics in two conditions used in this study, the deposition
rate/flow rate [D.R./F] is shown as a function of the location of polymer depo-
sition in Figure 1. The center of the rf coil is taken as the zero point, and the
distance in the direction of the monomer flow is used to express the location of
polymer deposition. The extent of glow is shown by the shaded band; i.e., in the
case of 1.9 X 107 J/kg, the glow covers the range of approximately —18 to 18,
whereas in the case of 7.7 X 108 J/kg, the glow covers the entire reaction tube.
As seen in Figure 1, in the case of low energy input, polymer tends to deposit in
the vicinity of the rf coil; but at the higher energy input, polymer deposits in the
entire reaction tube in a more even manner. It is interesting to note that the
integrated areas for both cases are nearly identical, indicating that the total
polymer formed per unit flow is essentially the same.

The ESCA spectrum was taken for samples of plasma polymer deposited on
aluminum substrates for 1.5 min. The results are summarized in Table I. The
spectrum of conventionally prepared Teflon shows a single intense peak at about
292 eV corresponding to the —CFs— carbon species. CFj3-type carbons would
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Fig. 1. Distribution of polymer deposition in a reaction time observed with high and low energy
input.

have a binding energy of ca. 294 eV. Hydrocarbons (corrected for charging ef-
fects) have a binding energy of 284.6 eV. Peaks at binding energy levels of less
than 291 eV would represent the presence of crosslinks (>CF—, >C<) and
carbons bonded to other more electronegative substituents, including nitrogen-
and oxygen-containing groups. A convenient numerical indicator of the shape
of the C1s peak appears to be the ratio of the peak height at 291.5 eV (CF5) to
that a 284.6 ¢V (hydrocarbon). The ratio of peak height at 291.5 eV to that at
284.6 eV is given in the last column of Table 1.

Characteristic shapes of Cls peaks are shown in Figures 2 and 3 for the low
energy input (1.9 X 107 J/kg) and for the high energy input (7.7 X 108 J/kg) re-
spectively. Figure 2 indicated that the plasma polymer of tetrafluoroethylene
formed at the upstream side of the rf coil in the low-energy input discharge
contains considerable amounts of CFs, CF5, and CF.

TABLE 1
Summary of ESCA Data for Plasma Polymer of Tetrafluoroethylene
Peak
Height
Peak area, Ratio
Distance, (counts - eV) X 10~ Elemental ratio (Cls 291.5eV/
cm Ols Fls Cls Al12 o/C F/C Al/C Cls 284.6 eV)
F = 5.6 cm3(S.T.P.)/min, 8 watts, 1.9 X 107 J/kg
-18 0.135 4.01 2.65 0 0.051 1.51 0 1.75
0 0.098 3.71 2.65 0 0.037 1.40 0 1.52
9 0.108 3.78 2.58 0 0.042 1.47 0 1.41
27 0.961 2.18 1.92 0.664 0.50 1.14 0.35 0.261
36 1.33 1.38 1.73 0.913 0.77 0.80 0.53 0.184
F = 0.56 cm3(S.T.P.)/min, 32 watts, 7.7 X 108 J/kg
—36 1.18 1.58 1.41 1.09 0.84 1.12 0.77 0.052
-18 1.16 1.38 1.38 1.29 0.84 1.00 0.94 0.020
0 1.09 1.39 1.49 0.95 0.73 0.94 0.64 0.0098
18 1.29 1.21 1.38 1.24 0.94 0.88 0.90 0.023
36 1.50 0.73 1.57 1.01 0.96 0.46 0.64 0.013

2 Corrected peak area using photoelectric cross sections relative to Cls.
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Fig. 2. Cls spectrum of polymer deposits in the low-energy input discharge: (a) polymer deposit
before rf coil; (b) polymer deposit after rf coil.

The polymer formed in the downstream side of the rf coil is considerably dif-
ferent from those found in the upstream side; i.e., much smaller peaks for higher
binding energy and the peak at 284.6 eV becomes the major peak. When Cls
peaks change from the type shown in (A) to the type shown in (B), Al 2s peaks
appear in spite of the obvious polymer deposition on the aluminum substrate.

Figure 3 indicates that polymer formed in the high-energy input discharge
is similar to type (B) in Figure 2, and the difference between polymers formed
before and after the rf coil is very small. In the case of the higher-energy input
discharge, Al 2s peaks are always observed (see Table I).

The ratios of F/C based on ESCA peak area shown in Table I are shown in
Figure 4 as a function of location of polymer deposition. Figure 4 indicates that
the ratio of F/C is highly dependent on the energy input level (i.e., the higher the
energy input, the lower the F/C ratio) and decreases as a function of distance from

36UBD 1T SUOLULIOD SAIERID el |dde ayy Aq paueA0B 3 SaILe YO ‘8SNn JO S3INI J0j ARIqIT3UIUQ A1 UO (SUOTIPU0D-PUR-SWBIW0Y A3 1M ARl 1jpu1 [UO//SAY) SUORIPUOD Pue SWS | 34} 39S *[£202/20/90] U AkiqiauljuQ A8|im ‘90ues JO AiseAun unossiiy Aq SOY0E2020°'626T dde/z00T 0T/10p/woa A3 (1M Afelq1jput [uo//SANY WOy papeoumod ‘v ‘626T ‘8Z9v.L60T



**77/@3//////4@/////////////1
E L
2846 ;

- Clis - Cls

pocnv o s iy g Ly by
eV eV

(A) (B)

Fig. 3. Cls spectrum of polymer deposition in the high-energy input discharge: (a) polymer de-
posit before rf coil; (b) polymer deposit after rf coil.

the tip of glow. This loss of fluorine may be related to the high tendency of losing
fluorine from fluorocarbon polymers in the plasma environment.

The log of the 291.5/284.6 eV peak height ratio is similarly plotted against
location in Figure 5. There is a clear similarily to Figure 4. However, it may
be noted that the range of ordinate values for the high W/FM curve in Figure
5 is clearly separated from that for the low W/FM curve. In Figure 4, both curves
cover nearly the same range of fluorine/carbon ratios. This suggests that the
population of CF3 groups is much greater for all 1.9 X 107 J/kg polymers than
for the 7.7 X 108 J/kg polymers and that in the latter case much of the fluorine
observed (see Table I, Figure 4) may be bound to aluminum.

The loss of fluorine in polymers formed in the high-energy input discharge
and also in the downstream side of the Jow-energy input discharge is clearly re-
flected in the high polar contribution of surface energy as shown in Table I1.

These results are in accordance with the previously reported important fea-
tures of plasma polymerization of perfluorocarbons.!®> Namely, perfluorocarbons
are sensitive to plasma condition. The deposition rate, the distribution of
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Fig. 4. Change of F/C ratio due to the location of polymer deposition and to energy input level.

TABLE II
Summary of Surface Energy Data for Plasma Polymer of Tetrafluoroethylene

Distance, cm ~¢ v? ve = v¢+ 4P
F = 5.6 cm® (S.T.P.)/min, 8 watts, 1.9 X 107 J/kg

—-18 12.8 2.90 15.7
0 18.9 0.04 18.9

9 19.6 0.09 19.7
27 17.9 0.19 18.1
36 13.5 5.34 18.8

F = 0.56 cm3 (S.T.P.)/min, 32 watts, 7.7 X 108 J/kg

—36 12.7 2.07 14.8
—18 16.8 2.01 18.8
0 4.03 61.9 65.9
18 13.7 49.3 63.0
36 11.9 40.6 52.5

polymer deposition within a reactor, and the properties of plasma polymers of
perfluorocarbons are highly dependent on the energy input level and the design
of areactor. In other words, the values of (W/FM), (necessary to establish glow
conditions) and (W/FM), (for the level of energy input where the ablation be-
comes the predominant process) are not as widely separated as for most mono-
mers. On the other hand, this tendency of the monomer to be sensitive to the
energy input level, and the high binding energy shift observed in ESCA C1s peaks
of fluorine-containing polymers, make the plasma polymerization of tetrafluo-
roethylene a unique model for the study of plasma polymerization of organic
compounds. This feature will be utilized in the following parts where the dif-
ferent discharge (e.g., capacitive discharge using different frequency power
source) will be employed.
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Fig. 5. Change of peak height ratio (Cls 291.5 eV/C1s 284.6 ¢V) due to the location of polymer
deposition and to energy input level. Plot is semilogarithmic.

According to the CAP mechanisms of plasma polymerization,'® the materials
used as the substrate also play an important role in the overall plasma poly-
merization. This aspect is clearly seen in plasma polymerization of tetrafluo-
roethylene at high W/FM, where ablation is significant. The presence of ESCA
aluminum peaks with samples which generally have over 100-A-thick plasma
coating seems to reflect CAP mechanisms (i.e., polymerization is competing with
ablation process). A separate SEM observation of surfaces indicated that the
coating is uniform despite the presence of aluminum. ESCA aluminum peaks
are not identical to those for uncoated aluminum foil. It seems, therefore, alu-
minum is sputtered and some portion redeposits with polymer. The use of
aluminum may also cause another artifact of inductive heating of the substrate.
However, no obvious effect has been seen within the range of experimental
conditions employed in this study.

This study was supported by the National Heart and Lung Institute, NTH, U.S. Department of
Health, Education and Welfare, Contract No. N1IH-NO1-HV-3-2913. The authors are indebted
to Mr. John Guill who prepared the plasma polymer samples. Two of the authors, E.S.B. and C.N.R.,
are grateful for funding supplied during the period of this study from the National Science Foun-
dation.
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