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SYNOPSIS

Polymerization of acrylonitrile (PAN) in a capacitively coupled glow discharge under mag-
netic enhancement was studied. The design aspects of a magnetron electrode and its char-
acteristics are described. The study suggests that an improved magnetron design helps in
achieving a higher monomer conversion ratio that improves the quality of films and allows
the use of lower system pressure. Thin, uniform, pinhole free films of PAN having very
high molecular weight were formed. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

In recent years plasma polymerization has assumed
considerable technological importance. The tech-
nique of plasma polymerization has been investi-
gated by many.!"® Polymerization of acetylene, eth-
ylene, styrene, and other monomers has been ac-
complished. Yasuda discussed in detail the effect of
various parameters of reaction chamber and elec-
trode assemblies. The effect of rate of low, chamber
pressure, power, interelectrode separation etc. have
also been investigated in detail.”®

The main drawback of the reaction chamber,
where the plasma is generated using radio frequency
(rf) or dc voltage, is that the plasma tends to spread
throughout the volume of the chamber and the de-
position occurs not only on the substrate but also
on the walls of the chamber, supports, and other
components. This is undesirable because these de-
positions contaminate the assembly, giving rise to
some undesirable products in subsequent runs and
material loss. For any industrial application it is de-
sirable that the process involve minimal monomer
loss, lower power requirement, and improvement in
the quality of films. To accomplish these goals, it is
therefore necessary to confine the plasma in the
chamber, particularly in the interelectrode gap using
a magnetic field.
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An electrode arrangement involving a superim-
posed magnetic field is generally termed a magne-
tron. Magnetron electrodes effectively confine
plasma to a small region of electrodes, thereby re-
quiring a smaller volume of monomer. In addition
the deposition can be realized at a much lower
chamber pressure, on the order of a few tens of
mTorr. The energy input to the reacting species is
generally expressed by W /FM ratio where W is the
rf power in watts, F' the flow rate, and M the mo-
lecular weight of monomer. The use of a magnetron
enables the delivery of higher rf power to the reacting
species by virtue of lower FM.

Therefore, in this article we describe the use of a
modified magnetron electrode to polymerize acry-
lonitrile (AN). However, plasma polymerization of
AN without magnetic enhancement has been re-
ported by Hirai,!° Jaquemin,!! and Brodure.!?

EXPERIMENTAL

The magnetron assembly used for the polymeriza-
tion of AN is depicted in Figure 1. It consisted of a
cylindrical cathode and a disc-shaped anode, each
of 75-mm diameter. Two magnets, one ring shaped
with ID and OD of 40 and 75 mm, respectively, and
another cylindrical in shape, 10-mm diameter, were
used. These magnets were housed with an alumin-
ium spacer in the cavity of the cathode. The polar-
ities of the magnets were arranged to obtain a rel-
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Figure 1 Schematic diagram of magnetron used for
polymerization of acrylonitrile.

atively uniform magnetic field over the cathode re-
gion. The cathode had a provision to circulate chilled
water in its cavity to cool the magnets during the
polymerization. The edges of the cathode and the
anode were suitably rounded to eliminate the edge
effect. A grounded aluminium shield of proper shape
was provided to the cathode, positioned in cathode
dark space. The Anode was made of a disc of SS 316
material with a small opening at its centre to intro-
duce the monomer and could be moved along the
vertical axis to change the distance between the
electrodes. The entire assembly was mounted on the
base plate of vacuum system using feedthroughs.
The anode was grounded through the base plate and
the cathode was isolated from it.

The chamber was evacuated using an oil diffusion
pump backed by a mechanical pump. The mechan-
ical pump was fitted with an oil mist filter that pre-
vented any oil vapours from entering the chamber.
A liquid nitrogen trap was also introduced between
the diffusion pump and the quarterswing baffle valve
(QSB). The QSB was used for gas throttling to ob-
tain desired steady pressure in the work chamber
during polymerization. The chamber pressure was
monitored using a digital pirani gauge. The flow rate
of AN vapours was monitored using mass flow con-
trollers, supplied by Unit Instruments (California,
USA), model URS-100-5 with UFC-1100, calibrated
for the given gas. The rf power was delivered using
an RFA 1000 supplied by RF Applications Ltd.
(Sussex, UK) and fitted with meters to read input
power and reflected power.

The rf power supply, operated at 13.56 MHz, was
able to deliver continuously variable power from 0
to 1000 W. An autotuned impedance matching net-
work, interposed between the rf supply and the elec-
trode, could automatically maintain reflected power
to the minimum.

The substrates used for the study included care-
fully cleaned glass slides, and plates of stainless steel,
copper, and aluminium. These were treated for 30
min in argon gas plasma, prior to polymer deposi-
tion, to clean the surface. The chamber was evac-
uated to 10 ~® Torr and argon gas was flushed. When
the pressure dropped to 2 X 1072 Torr plasma was
created for substrate cleaning. After the plasma
cleaning, the flow of argon gas was shut off and AN
vapours were introduced. A flow of monomer gas
and QSB were adjusted to give a steady pressure of
5 X 1072 Torr in the chamber. It was found that
when plasma was initiated the pressure dropped; but
as far as possible, efforts were made to maintain it
around 5 X 1072 Torr. The film thickness was mea-
sured using an interferometric technique and a
Dektak surface profilometer.

RESULTS AND DISCUSSION

Distribution and Effect of Magnetic Field

Figure 2 gives the distribution of the parallel and
perpendicular components of the magnetic field at
the surface of the cathode. In this case the compo-
nent of the magnetic field parallel to the electric
field, that is, along the axis of the electrodes, is con-
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Figure 2 Distribution, parallel (B,;) and perpendicular
(B,), of magnetic field along the magnetron surface.



sidered as B;; and the one perpendicular to it is
termed B;. It is seen that the By, vanishes near the
aluminium spacer introduced between the magnets
and the B, reaches the maximum. The films depo-
sition occurring in this region showed that the de-
posited material turns slightly brownish in colour
possibly due to the bombardment of energetic elec-
trons confined in the region. However, the thickness
of the film was found to be uniform in the entire
region of the magnetron surface.

Conditions of Polymerization

The polymerization was carried out by varying a
few parameters of the reactor chamber. This was
done in order to find the optimum conditions that
would give the best films.

Distance Between Electrodes

The distance between the two electrodes was varied
from 1-4 cm. The rates of depositions in each case
are plotted as rate versus distance and is depicted
in Figure 3. It can be seen that as the distance be-
tween the electrodes increases the rate of deposition
decreases. This behaviour can be understood as a
decrease in the interelectrode distance yielding a
higher ratio of power to volume (W /FM). However,
at distances less than 1 cm, it was found that, al-
though the rates are higher, the quality of the film

<)
500
Power = 20W
Flow = 20 sccm
4801}~
£
E
~ 460
(]
<
-
< 440
@
420
1 1 1 L
| 2 3 4

DISTANCE (cm)

Figure 3 Rate of deposition as a function of interelec-
trode distance.
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Figure4 A plot of deposition rate versus power for fixed
interelectrode distance of 2.8 cm and monomer flow rate
of 20 scem.

is not good. The film became brownish, possibly due
to heavy bombardment of ions and heating. The best
quality of film could be obtained at a distance of 2.8
cm. At various distances it was found that, apart
from the lower deposition rate, the films were not
continuous; they had a grainy appearance. In the
subsequent experiments, therefore, the distance of
2.8 cm was kept constant.

Power

The power applied has an enhancement effect on
the rate of deposition as well as quality of the films.
In Figure 4 is shown the dependence of the rate of
deposition with power for a fixed interelectrode dis-
tance of 2.8 cm. It may be seen that the rate of de-
position increases slowly in the beginning and then
increases rapidly at power greater than 18 W. This
is due to the fact that for very low powers sufficient
ionisation is not effected. With a further increase
in power the rate of deposition increases linearly
with increasing power. Qualitatively it was observed
that the best transparent films were obtained at a
power of 20-24 W.

Flow Rate of Monomer

It is well established in the case of other monomers
like styrene’® etc. that the rate of deposition depends



1400 SHIRODKAR ET AL.

450
Distance = 2-8 cms.

Power = 20 W

400

{ A°/ min)
(7]
(¢ ]
[}
T

RATE
[T
o
o
T

2501+

1 1 1
10 20 30

FLOW (SCCM)

Figure5 Rate of deposition as a function of rate of flow
of acrylonitrile.

on the rate of flow. It may be seen from Figure 5,
that in the case of AN the rate of deposition in-
creases linearly with the flow rate of monomer. Best

quality films were obtained at the flow rate of 20
scem.

Characterization

Infrared absorption of plasma polymerized acrylo-
nitrile (PAN) was recorded using Perkin-Elmer
FTIR. The spectra corresponding to chemically
polymerized, cPAN, and plasma polymerized, pPAN,
are shown in Figure 6. T'ypical characteristics of the
absorption band for ¢cPAN at 2250 cm™! corre-
sponding to C=N as well as an absorption band at
1620 cm ! corresponding to C=N are clearly visi-
ble.!*!® In addition the spectrum for ¢cPAN shows
strong absorption peaks at 2950 cm™! (C—H
stretching), 1460 em™ (C — H bending), 1360-1390
cm™!, and one at 1260 cm (deformation vibration
CH,).’® Comparison of this spectrum with that of
pPAN shows clearly that the characteristic peak
corresponding to C==N has a split showing two peaks
at 2220 and 2250 cm™'. Similarly the peak corre-
sponding to C==N shifted to 1640 cm™* and appre-
ciably broadened. The peak at 1460 cm™! does not
show any shift but broadening is apparent. The
peaks at 1360 and 1260 cm ™! have greatly reduced
intensity. It is noteworthy that a broad absorption
in the region of 3200-3500 ¢m ™ increased in inten-
sity. This absorption occurs mainly due to N—H
stretching. The intensity as well as width shows that
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Figure 6 IR spectra of chemically polymerized acrylonitrile (AN ) and plasma polymerized

AN films.



the plasma polymerized product contains nitrogen
in several forms, particularly in the amide groups.
The observation of the additional absorption band
at 2220 cm ', together with the peak at 2250 ! shows
that C=N moieties are intramolecularly bonded in
the structure. This can arise because of higher cross-
linking. Such spliting of the peak at 2250 and 2230
cm ™! has been reported '® and assigned to C=N con-
jugated C=N, whereas the band at 2030 cm™! is
assigned to ketone—imine (— C=C—=N) groups.'’
The ketone-imine group is more likely to be formed
at low rf powers. We have indeed observed this band
around 2030 cm™! for pPAN. In the plasma state
dehydrogenation takes place and the hydrogen thus
produced reduces the cyno group (C=N) into an
amino group. In addition, radical formation takes
place on the carbon atom in the backbone giving
rise to chain growth that together with the inter-
action with the nitrile (C=N) group produces rapid
cross-linking.

This reveals that the plasma polymerization of
AN is complete and we do get polyacrylonitrile
closely resembling commercial PAN.

SOLUBILITY AND MOLECULAR WEIGHT

The pPAN formed was further characterized by
testing its solubility in dimethylformamide (DMF)
at room temperature. It was found that only 50% of
the material dissolved. The remaining part was
found to be insoluble even at 150°C, the boiling point
of DMF. This could possibly be due either to a com-
pletely new type of material being formed in the
plasma conditions or due to the very high molecular
weight of the material. The molecular weight of the
sample was, therefore, determined using gel per-
miation chromatography. However, the molecular
weight of only the soluble component could be de-
termined, which was found to be 185,000. On the
other hand the molecular weight of conventionally
polymerized PAN was 120,000. This shows that
during the plasma polymerization rapid chain
growth occurs giving rise to high molecular weight.
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These longer chains in turn get highly cross-linked
under the large dose of radiation and the UV com-
ponents of the plasma. It is quite possible that very
high cross-linking makes the material insoluble.

This work was carried out with the financial support of
the Department of Science and Technology, Newer Fibres
and Composites, New Delhi, India.
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