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Plasma Polymerization of Ethane. I. Experimental
Studies of Effluent Gas Composition and Polymer
Deposition Rates
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The plasma polymerization of ethane was studied in a flow reactor of rectangular
cross section. The plasma was sustained between parallel-plate electrodes by an
RF generator operating at 13.56 MHz. The composition of the gas leaving the
reactor was analyzed by gas chromatography. Polymer deposition rates were
measured as a function of axial position in the reactor, using a quartz-crystal
microbalance. The effluent gas is composed primarily of unreacted C;Hg and H..
Significant concentrations of CHy, CoH,, CoHy, and CsHg, and small amounts
of C3Hg, i-CsHy;, and n-CsHy,, are also observed. The distribution of these
products is a strong function of the discharge power and of the gas pressure and
residence time in the plasma. These experimental variables also affect both the
rate of polymer deposition and the shape of the deposition profile along the reactor
axis.

KEY WORDS: RF plasma; plasma polymerization; gas chromatrography;
experimental.

1. INTRODUCTION

A large body of literature’™ has been devoted to the formation of
polymer films in a low-pressure electric discharge, via the process known
as plasma polymerization. This work has been motivated by the desire to
produce new types of polymers suited for such purposes as reverse osmosis
membranes,*'? permselective membranes,m_“) thin-film capacitors,(ls)
passivating coatings for microelectronic devices,*® waveguides for
integrated optical circuits,”” antireflective or moisture-resistant coatings
for optical components,'®'® and biocompatible coatings.?**" In contrast
to conventional polymerization methods, plasma polymerization produces
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an amorphous, network-like polymer that is highly crosslinked. Further-
more, the stoichiometry and functional group distribution of the polymer
most often do not reflect those of the monomer. For example, plasma-
polymerized ethylene contains both single and double bonds as well as
aromatic groups””’ The H/C ratio of such polymers ranges between 1 and
2, and the crosslinked densities are on the order of one crosslink per 6 to
10 backbone atoms,m) and the exact composition and structure of the
polymer depends on the conditions of deposition.

The kinetics of film deposition have been studied for a variety of
monomers and reactor configurations (e.g., Ref. 8). Most of this work,
though, has been conducted in reactors which produce a poorly defined
plasma volume, and one which often changes with reaction conditions. In
all but a very few instances, only the overall polymer deposition rate was
measured, and no attempt was made to determine the deposition rate
profile and its dependence on plasma conditions. Compositional analysis
of the gas effluent from the reactor has been carried out in only a limited
number of cases.

The objective of this study was to obtain quantitative information
about the kinetics of plasma film deposition and to gain a better understand-
ing of the fundamental phenomena involved. Ethane was chosen as the
monomer because it forms a film product over a wide range of reaction
conditions, and because it yields relatively simple gas-phase products whose
chemistry is well understood. In this paper we report the measurement of
local deposition rates and effluent gas composition, measured over a range
of operating conditions. A model of the deposition kinetics, based on a
detailed consideration of the mass transport and elementary chemical
reactions, will be presented separately.m)

2. EXPERIMENTAL
2.1. Apparatus

The experimental apparatus consisted of three major parts: (1) a
plasma reactor and associated gas-handling system, (2) a gas chromato-
graph, and (3) a quartz-crystal microbalance. A schematic of the complete
apparatus is shown in Fig. 1.

The reactor consisted of a Lucite (polymethyl methacrylate) box into
which were mounted a pair of hollow copper electrodes. A detailed drawing
of areactor is shown in Fig. 2. The electrodes were 15.3 cm wide by 20.3 cm
long, and the gap between them was 4.4 cm. The rectangular-shaped reactor
was enclosed in a 23-cm-diameter cylindrical Lucite shell. The application
of large pressure differentials across the reactor was avoided by maintaining



Plasma Polymerization of Ethane. I

He

CARRIER
GAS
DIGITAL GAS CHROMATO-
VACUUM GRAPH WITH
GAUGE TEMPERATURE
PROGRAMMER
SECONDARY
He
6-WAY
SAMPLING

McLEOD I
GAUGE

[

MOVEABLE
SENSOR HEAD

ELECTRONIC

MASS
FLOWMETER
MONOMER
ROTAMETER

Q) METERING VALVE

|

n

i
&U'LN i‘( \
MECHANICR‘ TREP

VACUUM PUMP OSCILLATOR

VeoppeR
THERMO-

R. F.
<—F|LTER—>

COUPLE
ooooon [ooo |
mV METER

DIGITAL FREQUENCY
COUNTER

ELECTRODES

MATCHING
NETWORK

R.F.
GENERATOR

Fig. 1. Experimental apparatus.

141

the interior of the reactor and the space between the reactor and the shell
at the same pressure. The reactor and surrounding shell were evacuated
with a mechanical vacuum pump (Welch Model 1397). A liquid-nitrogen
cold trap was installed between the pump and the reactor to protect the
pump from condensible reaction products and to prevent the backstreaming
of pump oil vapor. With no monomer flow, the reactor could be evacuated
to 0.02 torr in 1-2 h. Tests carried out with a helium plasma failed to
deposit polymer films on either electrode, indicating that the Lucite walls
of the reactor do not release material that could form a polymer film.
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The monomer was Matheson CP grade ethane (99.9% minimum
purity) and was used as supplied. Monomer flow rate was controlled with
a micrometering valve. Flow rates of 0 to 20 STP cm®/min were measured
with an electronic mass flowmeter (Matheson Model 8110), and flow rates
of 20 to 100 STP cm®/min were measured with a glass-float rotameter
(Matheson No. 610). The pressure upstream of the rotameter was controlled
by a regulator and accurately measured with a Bourdon gauge.

Reactor pressures of 1-4 torr were controlled by balancing the vacuum
pumping rate against the inlet flow rate. This was done by varying the cross
section of a 3/4 in.-vacuum hose with a carpenter’s jaw clamp. Pressure
was measured at the exit end of the reactor with either a mercury-filled
McLeod gauge or an electronic variable-capacitance vacuum gauge (MKS
Tru-Torr).

Power to sustain the plasma was supplied by an RHF generator
(International Plasma Corp., Model PM104 B), operating at a fixed
frequency of 13.56 MHz with a maximum output of 150 W. The hot lead
was connected to the upper electrode through ar LC impedance matching
network, and the lower electrode was grounded. Both the forward and
reflected power could be measured with a wattmeter (Bird Model 40
Thru-line).

Both electrodes were cooled by circulating house nitrogen, cooled in
adryice/acetone bath, through internal channels in the electrodes. Nitrogen
flow rates of up to 1700 liters/h were required to keep the electrode
temperature below about 85°C. It should be noted, though, that the tem-
perature was dependent on operating conditions and could not be varied
independently over a wide range by adjusting the flow rate of the cooling
fluid.

A gas chromatograph (Loenco Model 240-T4) equipped with a ther-
mal-conductivity detector was used to analyze the composition of the
reactor effluent. The chromatograph was connected to the exit line of the
reactor through a 6-way sampling valve (Whitey). During normal oper-
ation, with the valve in the position shown in Fig. 1, a side stream of reactor
product flowed through a 100-cm® sample loop, while helium carrier gas
was directed through bypass ports to the gas chromatograph column. When
the sample valve was actuated, the carrier gas flushed the sample into the
gas chromatograph, while the reactor product stream flowed through the
bypass ports. A secondary source of helium was used to pressurize the
sample loop up to the column head pressure of about 70 psig when the
valve was switched. The pressure inside the sample loop could be measured
prior to sampling with either the McLeod gauge or the electronic vacuum
gauge, in order to accurately determine the total quantity of sample.
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The chromatograph column was a 1/8-in. stainless steel tube, 20 ft
long, packed with 100-200 mesh Durapak n-octane/Porasil C (Waters
Associates). To achieve the desired separation on a single column, the
column oven temperature was programmed from —50 to +65°C, at a rate
of 14°C/min, beginning 1 min after sample injection. The initial tem-
perature was achieved by placing a basket of dry ice in the column oven
and allowing at least 15 min for equilibration.

Local deposition rates were measured with a quartz crystal microbal-
ance. This device detects mass deposition onto an electrically excited quartz
crystal by sensing the change in resonant frequency. The components
comprising the microbalance are shown in Fig. 1. The transducer is a
standard sensor obtained from Inficon Leybold—Heraeus, Inc., and consists
of a holder containing a 6-MHz AT-cut quartz crystal with gold-plated
electrodes. A small external oscillator and power supply are used to drive
the crystal. The resonant frequency of the coupled oscillator and crystal
was measured with a Data Precision Model 5740 Multifunction Counter.
This instrument permitted frequencies to be measured with a precision of
+1 Hz. With this sensitivity thickness changes on the order of 107 g/cm®
could readily be measured. .

A low-pass RF filter was used between the oscillator signal cable and
the frequency, counter to eliminate the strong RF interference caused by
the plasma. Without the filter it was impossible to obtain stable frequency
readings with the plasma on. The temperature of the sensor head was
measured with a copper/constantan thermocouple pressed into a small
hole drilled in the sensor head. Output from the thermocouple was filtered
by a low-pass filter and displayed on a Newport digital millivoltmeter to
an accuracy of £0.01 mV, equivalent to £0.25°C.

To permit measurement of axial deposition profiles, the microbalance
sensor was mounted in a copper plate, which could slide in a slot milled
in the lower electrode. Details of this construction are shown in Fig, 3.
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Fig. 3. Overhead view of the lower electrode plate with the moveable sensor.
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The upper cover of the sensor was machined to bring the surface of the
crystal as close as possible to the surface of the electrode. The surfaces of
the sliding plate and the lower electrode were made flush to minimize
perturbation of the plasma. The sliding plate, with the sensor inserted, was
moved by pulling on a monofilament line which exited the reactor through
a vacuum feedthrough.

The quartz microbalance was calibrated by weighing films deposited
onto ferrotype plates and aluminum foil substrates placed around the sensor
head. Calibration runs were done at 2 torr, 100 W, and 10, 20, 40, and
80 STP cm’/min. An average of nine calibrations gave a value of K =
4.30 (£0.50)x 10° Hz mg/cm’. Considering the large uncertainty, this
value was close enough to the theoretical value of K=
4.417x10° Hz mg/cm” to justify use of the latter value in subsequent
calculations.

The temperature coeflicient, ar =df/dT, was determined for each
crystal by monitoring frequency changes while the electrodes were both
heated and cooled from 0 to 70°C with the plasma off. Temperature
coefficients were also measured as the electrodes cooled after a series of
deposition experiments. The frequency versus temperature plots were linear
over a wide range, and the values of a7 ranged from —4 to —17 Hz/°C for
different crystals.

2.2. Procedure

Prior to initiating a new set of experiments, or after 5 to 10h of
operation, the reactor was disassembled and cleaned. Polymer film was
dissolved off the electrodes and quartz crystals with trichloroethylene, and
the Lucite surfaces were cleaned with xylene. After reassembly, the system
was pumped down for at least an hour before starting any experiments.

To produce a plasma, the monomer flow rate was set first and then
the reactor pressure was established by tightening the vacuum hose clamp.
Sufficient time was allowed for the system to reach steady state. The flow
of cooled nitrogen through the electrodes was usually started just before
initiating the discharge. RF power was then turned on and the matching
network was tuned to minimize reflected power. When the discharge came
on, the reactor pressure usually increased rapidly by 10% to 100%, and
was immediately readjusted to the desired operating value.

When the reactor effluent composition was to be analyzed, the gas
chromatograph oven temperature was reduced to —50°C with dry ice prior
to starting the plasma. Because the RF signal used to sustain the plasma
interfered with the normal operation of the recorder and temperature
programmer, these instruments were turned off while the plasma was on.
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The plasma was allowed to run for at least 15 min before the effluent was
sampled. Just before sampling, the sample loop pressure was measured,
and the toggle valve to the secondary helium supply was opened. When
the 6-way valve was switched, the sample was automatically pressurized
and injected into the chromatograph column. Immediately after sampling,
the plasma was turned off and the recorder and temperature programmer
were turned on. After about 10 sec the toggle valve was closed, and after
1 min the temperature program was started. About 30 min were required
to elute all of the products from the chromatograph column.

Deposition-rate measurements were begun as soon as the plasma
conditions of pressure, power, and flow rate reached steady state. Frequency
and thermocouple readings were taken at regular intervals, typically 30 to
120 sec. Longer time intervals were used when the deposition rate was
lower, in order to equalize experimental uncertainty. The following calcula-
tions were used to determine deposition rates:

_ (4.417x 10%(1/f2 = 1/f1)
P = A#/3600

fa=frtar(T,—Ty) (2)

where 7, is the deposition rate in mg/cm? hr, f is the measured frequency
in Hz, At is the time interval in sec, ar is the temperature coefficient, T is
the sensor temperature in °C, and subscripts 1 and 2 refer to initial and
final readings, respectively. A Commodore PET computer was programmed
to perform the above calculations and output the results on a thermal
printer after each time interval.

The above calculations were repeated until no net drift in deposition
rate was observed for at least 10 min, so that a number of measurements
could be averaged. If a deposition rate profile was being measured, the
sensor could be repositioned without interrupting the plasma operation.
After measuring deposition rates at several different positions, the sensor
was returned to its original position to check for a long-term drift in
deposition rate. The electrode and sensor temperature usually increased
slowly over long periods of time. If the temperature exceeded 80°C, the
plasma was shut off and the electrodes were allowed to cool.

(D

3. RESULTS AND DISCUSSION
3.1. Appearance of the Plasma

To obtain accurate and repeatable deposition rates, it was important
to have the interelectrode region completely filled by a uniform plasma
with sharp borders at the edges of the electrodes. These requirements were
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met fairly well at 2 torr over the full range of flow rates, at powers above
50 W. At 1 torr, the plasma tended to spread outside the electrode boun-
daries, especially along the sliding plate. At pressures of 4 torr, and at
2 torr and powers below 50 W, the plasma usually filled only 1/2 to 3/4
of the interelectrode volume. Under these conditions the glow was very
weak along the side walls of the reactor box, and the plasma formed an
oval pattern, usally in the upstream portion of the interelectrode region.
Occasionally this partial plasma would suddenly shift to a different position
without changing its size. This shift could be induced by slight movements
of the sliding plate or by repositioning the sensor.

3.2. Appearance of the Polymer Deposit

The main product deposited on the electrodes was a film, under all
conditions for which a stable plasma could be maintained (i.e., 1-4 torr,
5-100 STP cm3/min, and 50-175 W). The color of the films varied from
pale yellow to dark gold. Thickness gradients frequently appeared as bands
of color in very thin films. The initially deposited films usually adhered
well to the metal surfaces and could be removed only by soaking in
trichloroethylene and scrubbing. After long periods of deposition, the thick
films became flaky and partially peeled away from the electrodes. Visible
films were also deposited on the reactor side walls and on surfaces outside
the electrode region. Slightly heavier film deposition seemed to occur on
the upper (RF-active) electrode.

All of the experiments done at 1torr and 100 W produced some
powder in addition to film. At high flow rates, the powder was very fine,
while at low flow rates it turned into large fluffy particles or filamentous
strands after long periods of deposition. The thickest powder was usually
deposited on the upper electrode, and sometimes powder appeared
everywhere except on the sliding plate and crystal holder. Very little powder
was formed at 2torr, but the films were often cloudy, indicating the
incorporation of small particles.

At 4 torr, a tacky film was formed, and occasionally a few oil droplets
less than 1 mm in diameter were deposited. Often an oval ring of sticky
film formed around the edges of a solid film, where the ring corresponded
to the edges of the partial plasma.

3.3. Effluent Gas Composition

A typical chromatogram of the products from an ethane discharge is
shown in Fig. 4, All of the labeled peaks were identified by comparing
elution times with those for known components in a calibration gas mixture.
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Fig. 4. Typical gas chromatogram of the reactor effluent.

The identities of the unlabeled peaks were identified by comparison of the
observed elution times with published values for the same column pack-
ing.?*?” The small peak between isobutene and isopentane probably
represents cis- or frans-2-butene, but could also be 1,3-butadiene or
propyne. The broad shoulder on the downstream side of the ethylene peak
is probably due to trace amounts of water vapor. Several small, unidentified
peaks often appeared beyond the n-pentane peak, indicating additional
saturated and unsaturated Cs and Cg hydrocarbons.

The composition of the effluent gas provides an insight into the elemen-
tary reactions occurring in the plasma. The high concentration of Hj,
coupled with significant mole fractions of C;H, and C,H,, give strong
evidence for hydrogen elimination reactions. The formation of unsaturated
C, hydrocarbons is significant since these species are known to undergo
rapid polymerization.(7’8) In view of this, C,H, and C;H, may be regarded
as derivative monomers and very likely precursors to polymer formation.
The presence of CH, indicates the dissociation of the monomer molecule
into CH; or CH,; fragments. The presence of single-carbon fragments is
also consistent with the appearance of odd-carbon-numbered C; and Cs
hydrocarbons. Finally, the observation of C;, C4, and Cs hydrocarbons
indicates the occurrence of chain growth reactions in the gas phase.

The effect of reaction pressure on the effluent gas composition at a
fixed flow rate and power is shown in Fig. 5. Most of the effluent gas is
composed of C;Hs monomer and H,, and these species have an opposite
dependence on pressure. As the pressure is increased, more unconverted
monomer appears in the effluent, and less H; is formed. This probably
results from a decrease in both the electron energy and density with
increasing pressure,*® with concomitant reduction in the rate of monomer
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Fig. 5. Effect of pressure on the distribution of products in the reactor effluent.

dissociation and H, production by electron collisions. The mole fractions
of the low-molecular-weight products, CH,, C,H,, and C,H,, also decrease
with increasing pressure. By contrast, the mole fractions of Cs, C4, and Cs
hydrocarbons increase with increasing pressure up to pressures of 2-3 torr,
and then decrease with further pressure increase. This indicates two compet-
ing effects. At low pressures, the high electron energies and densities
promote the dissociation of gas-phase products to form low-molecular-
weight species. As the pressure is increased, the electron energy and density
decrease, and the reactant concentration increases, favoring chain growth
to form higher-molecular-weight products. However, with further increase
in pressure, the reduced conversion of monomer becomes a limiting factor,
and production of high-molecular-weight products is reduced.

Figure 6 shows the effect of discharge power on effluent gas composi-
tion. Monomer consumption and H, production both increase with increas-
ing power. The concentrations of all the derivative components initially
increase with increasing power, due to the increased monomer conversion.
However, at powers above 100 W, the concentrations of most of the C;,
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Cs4, and Cs hydrocarbons decrease with increasing power, indicating the
intensified dissociation of large molecules due to increased electron
densities.*® Straight-chain hydrocarbons, such as n-butane, are reduced
to a greater extent at high power than the branched compounds such as
isobutane. Increased power also favors the formation of unsaturated com-
pounds; for example, propane decreases at high power while propylene
increases, and ethylene falls off more rapidly than acetylene. The fraction
of methane, the smallest stable hydrocarbon, steadily increases with increas-
ing power.

The effect of monomer flow rate on effluent composition at fixed
pressure and power is shown in Fig. 7. Monomer flow rate is inversely
proportional to space time at a fixed pressure. As flow rate is decreased,
the space time increases and thus the average residence time of the gas
mixture in the plasma increases. The data in Fig. 7 shows that monomer
consumption, and H, and CH, production, continually increase as the flow
rate is decreased. The mole fractions of the other hydrocarbon products
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initially increase with decreasing flow rate, due to increased monomer
conversion. However, several of these components reach a maximum
concentration and fall off with further decrease in flow rate. This may be
due either to a loss of the reactant required to form the component, or an
increased rate of consumption of the component.

The combined effects of flow rate and pressure can be seen more
clearly by plotting gas composition as a function of space time. This
characteristic, 7, is defined by

_ Vo(p/po)
T TQ, 3

where V, is the plasma volume, Qo is the monomer volumetric flow rate
measured at STP, p is the reactor pressure, and p, is 760 torr. Figures
8-13 show the space-time dependence of C;Hs, H,, C;H4, C;H;, CHa,
and n- C4Hj,, respectively, at three different pressures. It is seen in Fig. 8
that the rate of ethane consumption decreases as pressure is increased. As
discussed above, this trend is attributable to a decrease in both the electron
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energy and density with increasing pressure, which reduces the rate of
monomer dissociation, even though monomer concentration increases. For
the same reason, the initial rates of production of H,, C,H,4, C,H>, and
CH, decrease with increasing pressure, as seen in Figs. 9-12. The mole
percent of H, and CH, continues to increase out to long space times at all
pressures. This indicates that these components are the end products of
gas-phase reactions. Ethylene and acetylene, on the other hand, reach a
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Fig. 9. Effect of pressure on the space-time dependence of H, measured in the reactor effluent.
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maximum concentration and then decrease with increasing space time. As
pressure is increased, this maximum concentration shifts to longer space
times. This is due to the slower rate of ethane consumption at higher
pressure. The initial rate of production of # -butane is relatively independent
of pressure, as seen in Fig. 13. However, higher maximum concentrations
are reached at higher pressures, due to the factors favoring chain growth
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Fig. 11. Effect of pressure on the space-time dependence of C,H, measured in the reactor
effluent.
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discussed earlier. The C; and Cs hydrocarbons, and the remaining C,
products, follow trends very similar to that observed for n-butane.

The influence of space-time on the mole fractions of C,Hg, CoHy,
C,H,, and H, at 2 torr and 100 W is plotted together in Fig. 14. It is
significant that the concentration of C,H, reaches a maximum at a shorter
space time than C,H,. This strongly suggests the following sequence of
reactions:

—H, —H,;
C2H6 —> C2H4 —> C2H2

The space-time dependences of C,Hg and H, are also consistent with this
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Fig. 13. Effect of pressure on the space-time dependence of n-C4H;, measured in the reactor
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mechanism. The same trends for these four components were observed at
the other pressures.

The effluent analyses discussed above are corroborated by a recent
study®”in which gas-phase products from ethane and methane discharges
were analyzed by gas chromatography. Experiments were done in a closed,
electrodeless reactor, operating at 13.56 MHz, at pressures of 0.4-1 torr
and powers of 25-100 W. Gas-phase composition was analyzed for different
discharge times in the closed system. Although none of the reported data
were obtained at conditions identical to those used in this study, the
distribution breakdown of products is very similar, Also, the dependence
of C;Hg, C;H4, Co,H,, CHy, and H, concentrations on discharge time is
similar to the dependence on space time observed in the present work. A
general conclusion which can be drawn from this comparison is that the
gas-phase reactions occurring in an electrodeless reactor are similar to
those occurring in a reactor with parallel-plate electrodes.

3.4. Deposition Rate at a Fixed Position

Figures 15 and 16 show the effects of pressure and power, respectively,
on deposition rate as a function of monomer flow rate. These curves
resemble similar data obtained for other hydrocarbon monomers.?**? At
low flow rates, reaction rates are limited by the availability of monomer,
and the deposition rate increases as the monomer flow rate increases. At
higher flow rates, the residence time available for the formation of reactive
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intermediates is reduced, and the deposition rate decreases. The depen-
dence of deposition rate on flow rate is similar to that of ethylene and
acetylene. This suggests that film deposition is closely related to the forma-
tion of these species in the gas phase.

The effects of pressure and power are more clearly examined by
plotting deposition rate as a function of space time. Figure 17 shows that
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Fig. 16. Effect of power on deposition rate at the center of the electrodes as a function of
monomer flow rate.
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Fig. 17. Effect of pressure on deposition rate at the center of the electrodes as a function
of space-time.
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as pressure is increased, the deposition rate increases more slowly with
space time, and becomes monomer limited at longer space times. This is
similar to the effect of pressure on the space-time dependence of C,H,
and C,H,, shown in Figs. 10 and 11. A decrease in power has the same
qualitative effect as an increase in pressure on deposition rate versus space
time, as seen in Fig. 18. Electron density decreases with decreasing power,
and electron energy and density both decrease with increasing pressure.
Since electron energies and densities determine the rates of electron impact
reactions, the data indicate that the dependence of deposition rate on space
time is controlled by the rate of electron collisions. An analysis of the
relationship between the composition of the gas phase, the rate of polymer
deposition, and the experimental variables is the subject of a separate

paper®® and will not be discussed further here.

3.5. Deposition Rate Profiles

Deposition rate profiles were obtained by measuring deposition rates
at a number of discrete axial positions both inside and outside the plasma.
For reasons discussed previously, it was difficult to obtain deposition rate
profiles over a wide range of operating conditions. Pressure, power, and
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Fig. 19, Effect of monomer flow rate on deposition rate profiles.
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monomer flow rate were varied independently, to examine their individual
effects on the deposition rate profiles.

The effect of monomer flow rate is shown in Fig. 19. All of the
deposition rate profiles are basically bell-shaped curves, flattened in the
electrode region and skewed slightly in the direction of flow. Significant
deposition occurs outside the plasma region defined by the electrodes,
indicating dispersion and convection of the reactive species. Flow rate has
a large effect of the magnitude of the curves, but only a moderate effect
on their shape, with increased skewing in the direction of flow occurring
at higher flow rates. The small change in shape indicates that dispersion
effects are dominant over convective effects in determining film thickness
distribution.

Figure 20 shows the effect of reaction pressure on the deposition rate
profiles. The deposition rate is much greater at 1torr than at 2 torr:
however, it is also slightly greater at 4 torr than at 2 torr. The latter effect
may be due to the fact that at 4 torr only a part of the interelectrode space
is filled by a visible plasma. Under such circumstances, the power density,
and hence the electron density, within the glow becomes greater than if
the plasma uniformly filled the interelectrode volume. The profiles become
broader as pressure is decreased, due very likely to diffusive transport of
polymer precursors both upstream and downstream of the plasma. The
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Fig. 20. Effect of pressure on deposition rate profiles.
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Fig, 21. Effect of power on deposition rate profiles.

very broad profile observed at 1torr may be due to effects other than
diffusion alone. At low pressure, the plasma had the greatest tendency to
spread outside the electrode region, especially along the sliding plate and
above the sensor head. This probably contributed to artificially high deposi-
tion rate measurements outside the plasma.

The effect of discharge power on the deposition rate profiles is shown
in Fig. 21. Power has a large effect on the magnitude of the curves.
Increasing the power by a factor of three from 50 to 150 W causes a 750%
increase in deposition rate at the center of the electrodes. The profiles at
lower powers are flatter inside the plasma region, and less skewed in the
direction of flow. This effect on the shape of the profiles is similar to that
of increased pressure. The profile at 150 W appears broader than the
profiles at lower powers, probably due to a spreading of the plasma in a
manner similar to that observed at 1 torr.

4. Conclusions

The results of the present study show that the power used to sustain
the plasma, the gas pressure, and the monomer space time all have a strong
influence on the compositiod of the gas within the plasma and on the rate
and axial uniformity of polymer deposition. Analysis of the effluent gas
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composition indicates that C,H¢ undergoes progressive dehydrogenation
to form C,H, and C,H,. Since these species are unsaturated, they will be
rapidly polymerized, and hence must be regarded as derivative monomers.
The cracking of C,Hg, most likely to form CH; and CH, radicals, is
evidenced by the observation of significant concentrations of CH4 and other
odd-numbered hydrocarbons. While chain propagation to form hydrocar-
bons containing 3 to 6 carbon atoms is observed, the concentration of these
products rapidly declines with increasing carbon number. The effects of
the reaction variables on the rate of polymer deposition closely parallel
the effects on gas composition, suggesting that the processes responsible
for the formation of gaseous products and the deposition of polymer are
linked. The measured polymer deposition profiles along the reactor axis
show significant nonuniformity within the plasma zone and noticeable
polymer depositions in areas immediately upstream and downstream of
the plasma. These observations indicate that diffusive and convective trans-
port of derivative monomer and reactive intermediates play an important
role in controlling the kinetics of polymer deposition.
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