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Synopsis

The plasma polymerization of CoF4 was carried out in both continuous wave and pulsed rf dis-
charges to establish the effects of reaction conditions on the kinetics of polymer deposition and the
polymer structure. ESCA spectra of the polymer show evidence for —-CF3, —CF, >CF-, and -CHjy-
groups. Under conditions favoring low deposition rates, the dominant functional group is -CFy-.
At higher deposition rates the concentration of -CFy— groups is reduced and a more crosslinked
polymer is produced. Both polymer deposition rates and polymer structures were essentially
identical when using continuous wave and pulsed rf discharges.

INTRODUCTION

Plasma-polymerized films of CoF4 have potential application as dielectrics,!-2
corrosion protective coatings,? and, as shown most recently, coatings for the or-
ientation of liquid crystals in liquid crystal displays.4 It is therefore of interest
to determine the structure of the films and the effect of deposition conditions
on the structure. Several recent studies®® have shown that ESCA can be used
to provide information concerning the types of carbon atoms present near the
surface of fluorocarbon polymers. Applications of this technique to the study
plasma-polymerized fluorocarbons have also been reported.>?-10 The present
study was undertaken to investigate the effects of reaction conditions upon the
polymerization rate of CoF 4 and the structures of the polymer formed. Exper-
iments were conducted using both continuous wave (c¢w) and pulsed rf dis-
charges.

EXPERIMENTAL

Polymerization was carried out in a discharge sustained between two disk
electrodes contained within a glass bell jar. Details concerning this reactor have
been presented previously.!! Power for the discharge was supplied at 13.56 MHz
by one of two generators. For cw work an IPC Model PM 104B generator was
used, while for work with pulsed discharges a Tegal 100-W generator was used.
Tetrafluoroethylene containing 2% of limonene (C;0H;¢), a polymerization in-
hibitor, was obtained from PCR, Inc., and used directly without purification.
Polymer deposition rates were measured by weighing the amount of polymer
deposited on a glass slide in a fixed period of time. For the characterization of
polymer structure by ESCA, the polymer was deposited on thin Y-in. glass
disks.
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ESCA spectra were recorded on a Dupont 650 spectrometer. To avoid sig-
nificant x-ray damage of the polymer, only eight scans were accumulated for each
sample. The C(1s) portion of each spectrum was deconvoluted into six lines
using a nonlinear least-squares fitting routine.!2 Good fits between the predicted
and experimental spectra were obtained assuming Lorentzian line shapes with
a leading constant tail. The full width at half-maximum of each line was set at
2eV.

Atomic ratios of fluorine to carbon and oxygen to carbon were evaluated from
separate ESCA spectra. A fresh sample was used for each determination, and
a single scan was taken of each element. Ratios of the integrated line intensities
were corrected for differences in atomic sensitivity by dividing by the ratio of
fluorine to carbon or oxygen to carbon sensitivities. The latter ratios were es-
tablished as 5.6 and 5.3, respectively, from ESCA spectra of samples with known
stoichiometries.

RESULTS AND DISCUSSION

Rate of C.F, Polymerization

Figure 1 illustrates the effects of power on the polymer deposition rate. For
very low monomer flow rates the deposition rate declines with increasing power,
while at high flow rates the deposition rate increases. The observed differences
in the effect of power at high and low flow rates can be interpreted in terms of
the following reaction network:

unreactive
gaseous products

;
monomer ———» polymer

5.0

p=0.2 torr

4.0+

o] FEN

F =52 cm3/m|n
3.0

|

2.0

rp X 10° (g/cmzmm)

F=6 cm3/m|n

1 | | )
(o] 50 100 150

P (watt)

Fig. 1. Effect of power on rate of polymer deposition.
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Reaction 1 represents the conversion of monomer CoF 4 to polymer. This process
may be accompanied by the simultaneous conversion of a part of the monomer
to unreactive gaseous products, such as saturated fluorocarbons,!3 via reaction
2. Similar products may also be produced by partial decomposition of the de-
posited polymer through reaction 3. Evidence supporting the proposed network
of reactions has recently been presented by Poll et al.14 and Yasuda et al.?® Clark
and Dilks® and Smolinsky and Vasile!® have noted the ability of a discharge to
bring about the decomposition of fluorocarbon polymers.

At low monomer flow rates the deposition of polymer in a discharge is usually
limited by the supply of monomer, essentially all of the monomer being converted
to either polymer or stable gaseous products.!” Under these conditions, in-
creasing power would not significantly increase the rate of reaction 1 but would
enhance the destruction of the deposited polymer via reaction 3. The net result
would be a decline in the rate of polymer deposition with increasing power. By
contrast, at high monomer flow rates only a fraction of the monomer is converted
to polymer and the deposition rate is normally controlled by the rate of formation
of polymer precursors. In this case increasing the discharge power is expected
to increase the rate of polymerization. While the rate of polymer destruction
is also expected to increase with power, the sensitivity of this reaction to power
is apparently not as great as that of the polymerization process, and in the
presence of an adequate supply of monomer the net rate of polymer deposition
increases with the discharge power.

The effects of pressure on deposition rate are shown in Figures 2 and 3. At
10 W increasing pressure causes the deposition rate to pass through a maximum,
while at 50 W only a monotonic increase in deposition rate is found over the same
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Fig. 2. Effect of pressure on rate of polymer deposition; P = 10 W, F = 6 cm3/min.
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Fig. 3. Effect of pressure on rate of polymer deposition; P = 50 W, F = 6 cm3/min.
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pressure range. These differences are undoubtedly associated with the complex
fashion in which pressure affects deposition rate. In addition to increasing
monomer concentration, an increase in gas pressure will reduce both the electron
temperature and electron density.1® The latter effects contribute to a decline
in the rate of initiation of polymerization while the former contributes to an in-
crease in the rates of initiation and propagation.!® Thus, it is possible under
certain conditions for an increase in pressure to cause an increase in deposition
rate, while under other conditions it is possible for an increase in pressure to cause
a decrease in deposition rate.

The effect of CoF4 flow rate on the deposition rate is shown in Figure 4. At
low flow rates the deposition rate increases with flow rate, but at higher flow rates
the deposition rate passes through a maximum and then decreases. Similar
effects have been observed for many monomers and can be explained in the
following manner.l”7 At low flow rates the deposition rate is controlled by the
supply of fresh monomer since the monomer residence time is sufficiently high
for most of the monomer to be polymerized. As the flow rate is increased to
higher levels, the residence time decreases to a point at which the concentration
of precursors to polymerization (e.g., free radials) is no longer high enough to
maintain rapid polymerization.

Two sets of experiments were conducted using a pulsed rf discharge. The
pulse duration is designated by ¢, and the period between pulses by t ;. The
ratio ¢/t on is defined as r, and the average power (P) is given by

(P) =Pp/(1L+r) (1)

where P, is the peak power and (1 + r)~!is the duty cycle.

Figure 5 illustrates the effect of duty cycle on deposition rate. These exper-
iments were carried out using a constant cycle time of ¢, + t ¢ = 2 msec. The
linear relation between deposition rate and duty cycle suggests that all one is
observing is the proportionality of the rate to the average power, similar to the
trend shown in Figure 1.

To study the influence of pulse duration, r was set equal to 1, and ¢,,, was varied
from 0.2 to 2.0 msec. Figure 6 shows that the deposition rate is insensitive to
ton- These data suggest that the plasma rises to a steady state and then quenches
from this state in times small compared to the pulse width.
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Fig. 4. Effect of flow rate on rate of polymer deposition; P = 50 W.
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Fig. 5. Effect of duty cycle on the rate of polymer deposition; P, = 80 W, F = 145 cm3®/min, p = 0.3
Torr.
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Fig. 6. Effect of pulse duration on the rate of polymer deposition; (P) = 20 W, F = 60 cm3/min, p
= 0.2 Torr, r = 1.0.

Characterization of Plasma-Polymerized C,F,

A representative ESCA spectrum of the C(1s) region is shown in Figure 7.
Spectra such as this were deconvoluted into six separate peaks. Table I lists the
average binding energy associated with each peak and the standard deviation
from the average value. To compensate for sample charging, the binding energy
of the highest energy peak was set to 293.8 eV, the energy characteristic of —CF3
groups. This selection was based upon the observation that the position of —CF3
peaks is weakly affected by nearest neighbor groups, in contrast to other fluo-
rine-containing groups present in the polymer.

Assignments for the six ESCA peaks are given in Table I. The bond structures
shown are based upon ESCA characterizations of PTFE, PTFE/PE copolymers,
and PHFP (polyhexafluoropropene) reported by Clark® and upon ESCA spectra
of low molecular weight fluorocarbons reported by Davis.2® It is apparent that
the peaks appearing at 293.8 and 291.5 eV can unambiguously be assigned to
—CF3 and —CF>— groups, respectively. The two bands at 289.5 and 288.2 eV
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Fig. 7. Representative C(1s) ESCA spectrum of plasma-polymerized CyF..
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Fig. 8. Effect of power on distribution of C(1s) ESCA peak intensities: F = 52 cm3/min, p = 0.2
Torr.

can be assigned to either ~CF— or —CFH— groups. A clear-cut distinction
between these two groups is not possible inasmuch as it is conceivable that the
polymer films prepared contained hydrogen derived from a cracking of the li-
monene present in the monomer. Since both structures contain only one atom
o\f fluorine per carbon atom, we have designated the peak at 289.5 eV as
_CF—(II). The remaining two peaks appearing at 286.9 and 285.5 eV are the
most difficult to assign. Comparison of the positions of these peaks with those
for polymers of known structure suggests that both peaks are due to —CHy—
groups. The peak appearing at 286.9 eV is most likely associated with —CHs—
groups adjacent to fluorocarbon groups such as —CFy— or —CF3. The re-
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maining peak, characterized by a binding energy of 285.5 eV, is best assigned to
short chains of —CHy— groups. As will be seen, this structure normally ac-
counts for less than 10% of the carbon present in the polymer.

The effects of reaction conditions on the polymer surface structure observed
by ESCA are shown in Figures 8 through 14. In each of these figures the relative
peak intensity is plotted versus the variable studied.

Figure 8 illustrates the distribution of carbon atom types as a function of
discharge power. As the power is increased, a marked decline occurs in the
relative intensities of —CF3 and —CFo— groups, with corresponding increases
in the intensities of ~CF— and —CH,—(II) groups. Consistent with these
trends, the F/C ratio decreases with increasing power as shown in Figure 9. Also
shown in Figure 9 is the O/C ratio. The O/C ratio increases with power but is
significantly smaller than the F/C ratio at all power levels.

The effects of pressure, shown in Figures 10 and 11, are different, depending
upon the power level. At 10 watts, increasing pressure causes an increase in the
intensity of —CFo— peaks. The intensities of the —CF3 and —CHo—(II) peaks
appear to pass through a maximum at about 0.1 torr, the same pressure at which
the deposition rate is a maximum. The remaining peaks show either a slightly
declining or a nearly constant intensity level. When the power is raised to 50
watts, little if any changes in peak intensity distribution are observed with in-
creasing pressure. Comparing the intensity distributions in Figures 10 and 11

TABLE I
Assignment of ESCA Peaks
B.E.,2 Bond References B.E,
eV structure Symbol® structures eV Reference
295.5 + 0.3 —CHo—((I) o +C*HoCHy Yy 285.0 6
C*H,=CHF 285.2 20
C*HsCHoF 285.3 20
.C*Hy=CF, 285.5 20
CF3CH=C*H, 285.7 20
+CFHC*Ha}, 285.9 6
286.9 + 0.1 --CHo—(11) ® FC*HoCFot, 286.6 6
288.2 £ 0.2 ~=CF—() a +C*FHCHy1n 288.0 6
Ce*Fg 288.1 20
+CFHCFH 1, 288.4 6
289.5+0.2  CF—(ID » CF3C*F=CF; 288.8 20
CF3C*F=CFCF; 289.1 20
+C*FHCF2+, 289.3 6
{+C*F(CF3)CF 3, 289.8 6
291.5 + 0.1 —CFo— A CF3CF=C*F, 291.1 20
+C*FoCFH 291.6 6
{CF(CF3)C*Fa}, 291.8 6
CF3C*FoCF3 291.9 20
+CFoCFao} 292.2 6
293.8 + 0.0 —CF; A +CF(C*F3)CF2}, 293.7 6
C*F3yCF=CF, 203.7 20
C*F3CF=CFCF3 203.8 20
C*F3CF.CF3 293.9 20
C*F3CF3 294.0 20
+C(C*F3a)=C(CF3)+. 294.1 6

a B.E. = Binding energy.
b Symbols are those used in Figures 8 and 10-14.
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Fig. 10. Effect of pressure on distribution of C(1s) ESCA peak intensities; P = 10 W, F = 6 cm3/
min.

it is apparent that the concentrations of —CF,— and —CF5 groups tend to be
less in the polymer films deposited at higher power.

Changes in polymer structure produced by increasing CoF, flow rate are il-
lustrated in Figure 12. It is observed that the intensities of —CFo— and —CF;
pass through a minimum while intensities of —CF— and —CHy—(I) peaks pass
through a maximum. Quite interestingly, the flow rate at which the maxima
and minima occur is the same as that for the maximum in deposition rate shown
in Figure 4. Finally, we note that the intensity of the ——CH.—(II) peak increases
monotonically with flow rate.

The characteristics of polymers produced with a pulsed discharge are shown
in Figures 13 and 14. The first of these figures illustrates the effects of increazing
duty cycle for a constant value of t,,, + to;f = 2 msec. There is a very noticeable
decline in the relative intensity of the —CFo— peak, with corresponding increases
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Fig. 11. Effect of pressure on the distribution of C(1s) ESCA peak intensities; P = 50 W, F = 6
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Fig. 12. Effect of flow rate on distribution of C(1s) ESCA peak intensities; P = 50 W, p = 0.2
Torr.

in the intensities of all other peaks as the duty cycle increases. It should be re-
called here that as the duty cycle increases, the average power increases pro-
portionately. Thus, the effects of increasing duty cycle are thought to be largely
attributable to increasing power. This conclusion is supported by Figure 14,
which shows virtually no change in the relative peak intensity distribution as
pulse duration is increased from 0.2 to 2.0 msec at a constant duty cycle of
0.5.

The results presented in Figures 8 through 14 indicate that all three fluo-
rine-containing groups (viz., —CF3, —CFs—, and _CF) are present with roughly
equivalent frequency in the polymer films produced from C,F4. This distri-
buytion of functional groups is consistent with the general view that plasma-
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Fig. 13. Effect of duty cycle on distribution of C(1s) ESCA peak intensities: P, = 80 W, F = 145
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deposited polymers are characterized by an irregular network structure. The
—CFy— groups comprise the chains of the network which are terminated by
—CF; groups. Branch points and crosslinks are represented by ~CF— groups.
The extent of branching and crosslinking in the polymer can be judged from the
relative concentrations of —CFs— and >CF— groups. It is apparent that films
produced at very low deposition rates, corresponding to low power, low monomer
flow rate, and high pressure, contain significantly higher concentrations of
—CFy— groups than films deposited very rapidly. This suggests that slow de-
position conditions favor chain growth over crosslinking. The latter process very
likely occurs after the chains are first formed and results from either chain dis-
ruption or fluorine atom abstraction by species emanating from the plasma.

Two observations support such a view of the polymer growth process. The
first is that PTFE can be formed by allowing CF3. radicals produced in a dis-
charge and then cryogenically trapped to react with condensed CoF4 monomer.?!
A similar process is expected to occur on the surface of a polymer film being
deposited in a plasma. The second observation is that PTFE will lose fluorine
atoms when exposed to the action of an inert gas discharge.!31516 ESCA spectra
of the treated PTFE surface show a decline in the concentration of —CFo—
groups, a rise in the concentration of ~CF— groups, and a decline in the F/C ratio
of the polymer.
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The fluorine-to-carbon content of the polymers produced in this work also
deserves comment. Surveying the results of many samples it is observed that
the F/C ratio of the polymer ranges between 1.43 and 0.75 and is thus significantly
lower than 2.0, the ratio in the monomer. The low values of F/C are consistent
with the existence of a highly crosslinked polymer structure. However, the oc-
currence of significant cases in which the F/C is well below unity is surprising.
One explanation might be the presence of large concentrations of quarternary
carbon atoms. Estimations?? of the binding energy shift for this species places
it at 4.3 eV, in close agreement with the feature which we have assigned to
>CF~(II) in Table I. In view of the close correlation of the relative intensities
of the features appearing at 288.2 and 289.5 eV with changes in reaction condi-
tions, we feel that their assignment to two different types of >CF—— groups is
more appropriate. A second explanation for the low F/C ratios might be that
the limonene present in small concentration in the CoF4 is polymerized prefer-
entially. Such an interpretation would be consistent with the observations of
large concentrations of —CHs— groups in Figures 9 and 12, for example. Itis
believed that the latter explanation is more likely to be the correct one.

The work at the University of California was supported by a grant from the National Science
Foundation.
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