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Pulsed Plasma Polymerization of Perfluorocyclohexane
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ABSTRACT: Pulsed versus continuous wave plasma polymerization of perfluorocyclohexane is compared
as a function of duty cycle off-time, on-time, and peak power. The chemical composition of the deposited
films has been determined by X-ray photoelectron spectroscopy (XPS). A greater retention of the chemical
structure associated with the precursor molecule is found for the pulsed plasma polymerization
experiments. This can be rationalized in terms of the relative perturbation of reactive species contained

in the electrical discharge.

Introduction

Conventional polymerization of an organic monomer
results in the synthesis of a polymer consisting of repeat
units whose structure is closely related to the precursor
species.! The precise nature of the polymer product
depends on factors such as the catalyst employed,
polymerization mechanism, reaction temperature, pres-
sure, etc. Careful control of the reaction conditions can
yield a polymer with the desired physicochemical prop-
erties. In more recent years, plasma polymerization has
become an established technique for the dry deposition
of thin polymeric films. It can be executed at ambient
temperature and generates very little waste compared
to more established wet chemical routes. This method
is based upon the activation and reaction of a precursor
molecule by a non-equilibrium electrical discharge.? For
instance, plasma polymerization of perfluoromonomers
can result in the deposition of films with very low
surface energy;3 these films find application as hydro-
phobic,*5 protective,®’ and biocompatible coatings.3#8
Low-pressure electrical discharges are capable of gen-
erating a range of chemically reactive species from a
wide variety of precursor molecules.® lons, radicals,
electrons, metastables, and photons contained within
the glow discharge can all contribute toward the deposi-
tion of polymeric material over all surfaces in contact
with the plasma. This initiation step is believed to be
followed by propagation involving the reaction of gas
phase free radicals or non-fragmented monomer with
trapped free radical centers at the surface.’® Termina-
tion occurs (as in conventional polymerization) by the
combination of two reactive species to form a non-
reactive moiety which may be subsequently incorpo-
rated back into the plasma polymerization reaction
pathways.?

One of the major drawbacks of plasma polymerization
is that the inherently complex nature of the glow
discharge leads to a variety of functionalities being
incorporated into the resultant polymeric layer. Varia-
tion in experimental parameters such as input power,!
feed gas ratio, monomer pressure,'213 substrate tem-
perature,'* and substrate position!® can help to control
film composition. The input power can be altered either
by changing the peak power in the continuous wave
(CW) mode or by pulsing the ac voltage by using a signal
generator.1® Pulsing has several inherent advantages
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over continuous wave plasma polymerization.1’~1° Ex-
cessive heating of reactor walls and substrate is avoided
due to reduced ion bombardment of the surfaces in
contact with the plasma.l” Also, any decay of short-
lived excited species during the off portion of the duty
cycle can help to attenuate both the VUV emission and
the variety of species contributing to the overall plasma
polymer structure. In addition, conventional polymer-
ization reactions can occur during the off-time. The
extent to which pulsing can be used to enhance desired
chemical reaction pathways within an electrical dis-
charge is not yet fully established.

Perfluorocyclohexane (PFCH), CgF12, is a fairly inert
molecule,?° which contains exclusively CF; linkages, and
therefore is a potential candidate for the synthesis of a
PTFE-like plasma polymer. Indeed, it has been previ-
ously demonstrated that low-power CW plasma polym-
erization of perfluorocyclohexane can yield cross-linked
polymeric fluorocarbon films with a high fluorine con-
tent.2 In this article, we compare the continuous wave
and pulsed rf plasma polymerization of perfluorocyclo-
hexane to explore to what extent further enhancement
of chemical selectivity can be achieved by pulsing the
electrical discharge. The resultant polymeric films have
been characterized by X-ray photoelectron spectroscopy
(XPS). Different CF, environments (n = 0—3) can be
easily distinguished by XPS because of the large C(1s)
core level shifts associated with the various types of
fluorinated carbon centers; furthermore, the inherent
surface sensitivity of the technique (sampling depth:
2—10 atomic layers)?! renders it suitable for the analysis
of thin films.

Experimental Section

Low-pressure plasma polymerization experiments were
carried out in an electrodeless cylindrical glass reactor (inter-
nal diameter =5 ¢cm, volume = 490 cm?) enclosed in a Faraday
cage’® (Figure 1). This was continuously pumped by a 33 dm?
h™! Edwards E2M2 mechanical rotary pump via a liquid
nitrogen cold trap, yielding a base pressure of 2 x 1072 mbar
and a leak rate of better than 2.3 x 10712 kg s~ (calculated
by assuming ideal gas behavior).22 A 13.56 MHz rf generator
was inductively coupled to the gas via an LC matching circuit
and a copper coil (0.5 cm diameter, 10 turns) wound externally
around the reaction chamber spanning 8—16 cm from the gas
inlet. The substrate was positioned in the center of the copper
coils. In the case of pulsed plasma polymerization experi-
ments, a signal generator was attached to the rf power source,
and a cathode ray oscilloscope was used to monitor the pulse
duration, interval, and amplitude. The pulse rise and fall time
was 100 ns. The peak power (P,) delivered to the copper coil
could be varied between 20 and 200 W, while on-times (ton)
and off-times (to) varied between 20—400 us and 5—400 us,
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Figure 1. Experimental setup for pulsed and CW plasma
polymerization.

respectively. The average power P[delivered during pulsing
was calculated using the following expression:23

ton

PO Ppton + 1:off

@)

Prior to each experiment, the reactor and glass slides were
scrubbed with detergent, rinsed with isopropyl alcohol (IPA),
oven-dried, and then cleaned with 50 W air plasma at a
pressure of 0.2 mbar for 30 min. Then 0.2 mbar of perfluo-
rocyclohexane (Fluorochem Ltd., 97% purity) was introduced
into the reaction chamber via a fine needle valve at a flow
rate of 1.6 x 1077 kg s™'. The reactor was purged with
monomer for 2 min prior to igniting the glow discharge.
Plasma polymerization was carried out for 10 min. Upon
termination, the reaction zone was purged with perfluorocy-
clohexane for an additional 2 min and finally vented to air.

A Kratos ES200 X-ray photoelectron spectrometer with an
un-monochromated X-ray source (Mg Ko, = 1253.6 eV) was
used for chemical characterization of the deposited fluorocar-
bon films. Emitted core level electrons were collected at a 30°
take-off angle from the substrate normal, with a concentric
hemispherical analyzer (CHA) operating in fixed retardation
ratio mode (FRR = 22:1). The spectrometer was calibrated
with respect to the gold 4f7, peak at 83.8 eV (FWHM = 1.2
eV).#* The absence of any silicon XPS features following
plasma polymerization was taken as indicative of complete
coverage of the glass substrate.

Results

For each plasma polymer, the C(1s) XPS envelope was
fitted using a Marquardt minimization computer pro-
gram, which assumed a Gaussian peak shape with a
fixed relative full width at half-maximum (FWHM).25
The C(1s) XPS spectra were fitted using five different
carbon functionalities:*> C—CF, (286.6 eV), CF (287.8
eV), CF—CF; (289.3 eV), CF;, (291.2 eV), and CF3 (293.3
eV). The CF3; and CF; peaks could be assigned unam-
biguously, and therefore the dominant CF, peak was
taken as a reference offset at 291.2 eV. Mg Kas4
satellite peaks with different FWHM were also taken
into consideration.?> The Mg Ka; > C(1s) FWHM were
found to vary between 1.9 and 2.2 eV. The relative
concentration of each carbon functionality was obtained
by dividing the corresponding peak area by the total
C(1s) envelope area. Figure 2 shows a typical C(1s)
peak fit for a 5 W CW perfluorocyclohexane (PFCH)
plasma polymer.

Continuous Wave Plasma Polymerization. The
change in appearance of the C(1s) XPS spectra with
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Figure 2. Typical peak-fitted C(1s) XPS spectrum (5 W CW
plasma polymer).

increasing CW power is shown in Figure 3a. At higher
powers, the deposited plasma polymer films exhibit very
little variation in composition. At lower powers, how-
ever, the relative concentration of CF, functionality
increases with decreasing power while the number of
cross-linked (C—CF,) carbon centers drops (Figure 3b).
This suggests that the CF, content of the films could
rise even further if the input power can be reduced.
Below 1.5 W the CW plasma becomes unstable at the
operating pressure of 0.2 mbar, so the electrical dis-
charge was pulsed to sustain lower average powers.

Pulsed Plasma Polymerization. From eq 1, the
average power delivered to the plasma is a function of
three variables, viz., off-time, on-time, and peak power.
The influence of each of these variables upon the
composition of the deposited film was studied. Figure
4a shows the C(1s) XPS spectra of plasma polymer films
obtained when the off-time was varied (with a fixed peak
power of 20 W and an on-time of 20 us). The CF;
component increases relative to the cross-linked (C—
CF,) peak with rising off-times (i.e., decreasing average
power). This trend was also observed for shorter on-
times (with a fixed peak power of 20 W and an off-time
of 250 us) and lower peak powers (with a fixed on-time
of 20 us and off-time of 250 us) (Figures 5 and 6,
respectively). These results are consistent with the CW
experiments, where decreasing average power was
found to yield a higher CF; content and a lower level of
cross-linked carbon, while the CF3 contribution remains
steady. Figure 7 compares the CF, content of the
deposited plasma polymer films for all of the experi-
ments. It can be concluded that, for the same average
power, a pulsed glow discharge produces a film with
higher CF, content than that obtained with a CW
plasma at average powers below 7 W.

Discussion

Continuous Wave Plasma Polymerization. CF;
and CF; functionalities account for up to 65% of the total
C(1s) envelope in the CW plasma polymerization of
PFCH, which is consistent with previously reported
studies in the 1—-100 W power range.’> The amount of
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Figure 3. (a) C(1s) XPS spectra for CW experiments. (b)
Variation in fluorinated functionalities with power for CW
experiments.

cross-linking in the plasma polymer is dependent upon
the W/FM parameter? (where W is the discharge watt-
age, F is the flow rate in moles/minute, and M is the
molecular mass of the gas). In the present study, both
F and M are constants and therefore the degree of cross-
linking (C—CFy) can be directly correlated to the input
power (Figure 3b).

A variety of reactions can potentially occur during
plasma polymerization. These can be subdivided into
collision-induced reactions (e.g., electron impact dis-
sociation, polymerization in the gas phase, and ion
bombardment at the gas—substrate interface) and ra-
diation-induced reactions (e.g., unimolecular excitation
and dissociation, along with radiative degradation of the
growing polymer network). The effect of power level on
each of these types of reaction is considered below.

The input power influences the average electron
energy [&[] the population of the high-energy tail of the
electron energy distribution, and the density of excited
species present in the plasma.?® Any reactions that
involve electrons from the high-energy tail of the
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Figure 4. (a) XPS spectra for pulsed experiments with
variation in off-time (peak power = 20 W, on-time = 20 us).
(b) Variation in fluorinated functionalities with off-time for
pulsing experiments (peak power = 20 W, on-time = 20 us).

electron energy distribution will be affected by the drop
in the number of high-energy electrons with decreasing
input power.?” One such reaction is the ionization of
PFCH, which has an activation energy of approximately
13 eV.22 A smaller fraction of PFCH molecules will be
expected to undergo dissociation via electron collision
ionization at lower input powers, resulting in more non-
fragmented PFCH molecules impinging upon the sub-
strate. Such a rise in PFCH flux incident upon the
surface will lead to a greater CF, content in the
resultant plasma polymer network.

The type and relative abundance of CF, radicals
contained in the glow discharge can also influence the
composition of the plasma polymer deposit.?82° The
difluorocarbene radical, CF, is relatively stable with
respect to other types of CF, radical. It has been shown
to be a major constituent of and an important precursor
to polymer formation in fluorocarbon plasmas.13° Deple-
tion of CF; species from fluorocarbon plasmas can occur
via electron collision processes to liberate a fluorine
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Figure 5. (a) XPS spectra from pulsed experiments with
variation in on-time (peak power = 20 W, off-time = 250 us).

(b) Variation in fluorinated functionalities with on-time for
pulsing experiments (peak power = 20 W, off-time = 250 us).

atom as follows:31
CF,+e —CF+F+e (2)

This reaction has an electron energy threshold of 6.1
eV. Since 6.1 eV is greater than the average electron
energy within the plasma (typically about 2 eV),%” one
would also expect a drop in the number of CF, species
lost through this particular process with a correspond-
ing increase in the CF; content of the plasma polymer
layer.

It is of interest to note that the relative number of
CF3 functionalities contained in the deposited PFCH
plasma polymer films remains fairly constant with
respect to CW power level. CF3 species can be produced
in the gas phase both through unimolecular rearrange-
ments (as evidenced by mass spectrometry)3? and through
ion—molecule collisions.3® On the surface, ion bombard-
ment of the fluorocarbon polymer also results in the
generation of CF3 functionalities.3* CF3 moieties can
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Figure 6. (a) XPS spectra from pulsed experiments with
variation in peak power (on-time = 20 us, off-time = 250 us).
(b) % area versus peak power for pulsing experiments (on-time
= 20 us, off-time = 250 us).

be removed from the plasma through reactions of the
following type:

CF,+e —CF,+e +F 3)

Electron collision dissociation of CF3 yields CF, and
fluorine, which requires electrons of 2.2 eV energy.
Since this is fairly close in magnitude to the average
electron energy within the glow region (typically about
2 eV), the number of electrons at these energies will be
relatively unperturbed by variations in the input power
supplied to the electrical discharge. Even at low powers
there should be an ample supply of 2.2 eV electrons for
this reaction to proceed.3®

Another consequence of the drop in high-energy
electrons at lower powers is a decrease in the number
and energy of electrons able to traverse the plasma
sheath, thereby leading to an attenuation in the level
of ion and electron bombardment of the growing film to
result in less cross-linking at lower CW powers. Excited
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Figure 7. Variation in CF, functionalities with average power
for pulsed and CW experiments.

species within plasmas emit photons with energies
between 3 and 40 eV.35 For instance, UV radiation of
this kind has been shown to cause cross-linking of poly-
(ethylene) surfaces.?® A reduction in power will attenu-
ate the VUV flux incident upon the growing plasma
polymer film, which in turn will produce less cross-
linking.

In some plasma deposition processes, high substrate
temperatures are required to encourage surface reac-
tions and achieve good quality films.3” A lower sub-
strate temperature gives rise to greater adsorption of
non-fragmented precursor molecules onto the sub-
strate.’38 A drop in substrate temperature at lower
powers should reduce the number of reactions occurring
at the surface, especially positive enthalpy change
reactions (e.g., chemical bond cleavage).

Pulsed Plasma Polymerization. For average pow-
ers below 7 W, pulsing of the PFCH glow discharge
produces a plasma polymer network with a greater CF,
content and less cross-linked (C—CFy) carbon than those
found for corresponding CW experiments. One possible
explanation for the drop in cross-linking during pulsing
could be the lower substrate temperature, since a
significant advantage of pulsing the fluorocarbon glow
discharge is that extensive heating of the reactor walls
and substrate can be avoided.?® The plasma sheath
voltage decays rapidly, leading to a time-averaged
reduction in the number and energy of positive ions
bombarding the surface; hence, the substrate experi-
ences less heating. Previous XPS studies have shown
that ion bombardment of plasma-polymerized fluoro-
carbon films results in a rise in cross-linked carbon
centers at the expense of CFz and CF, functionalities.3*
Therefore, a drop in ion bombardment of the growing
plasma polymer layer will lead to a smaller amount of
cross-linking. It has also been reported that VUV
emission from pulsed discharges is less intense than
that from CW discharges;6 this should further reduce
the activation of the substrate, again resulting in a
decrease in cross-linking. The cumulative effect of lower
substrate temperature, ion bombardment, and VUV
irradiation during pulsed plasma polymerization is
manifested in a narrower distribution of electronic
environments [C(1s) FWHMSs] with decreasing power
(Figure 8).
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Figure 8. FWHM of C(1s) component peaks versus peak
power (on-time = 20 us, off-time = 250 us).

Conclusions

A comparison of continuous versus pulsed plasma
polymerization of perfluorocyclohexane has demon-
strated that there is a greater retention of CF, func-
tionalities from the precursor molecule into the growing
film during pulsing in conjunction with a drop in cross-
linking.
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