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SYNOPSIS

A parallel-plate plasma polymerization reactor operating at radio frequency was constructed.
The reactor is suitable for reproducible plasma deposition of ultrathin pinhole-free polymer
layers onto various supports. Feed gas composition, plasma power, total gas flow, pressure,
and substrate temperature can be selected independently of each other. The radio-frequency
voltage applied to the excitation electrode can be measured. Optical plasma emissions
registered by a spectroscope may be used to monitor the plasma process. © 1996 John Wiley

& Sons, Inc.

INTRODUCTION

Thin-film technology provides the possibility of
changing the properties at the surface of a substrate
material (as, for instance, friction coefficient or
hardness) without altering its bulk properties by ap-
plication of an ultrathin layer of another material.
On the other hand, in some applications, certain
properties of the film prevail (as, e.g., the gas per-
meability of a thin dense layer on a porous material)
and thus dominate the properties of the whole com-
posite. Here, the substrate serves merely as a support
to the film, only supplying the mechanical stability
of the composite.

Plasma polymerization is often regarded as a
fairly effective, but somewhat intricate and extraor-
dinary tool for the production of ultrathin pinhole-
free layers. This may be attributed to the complexity
of chemical reaction steps in the glow discharge pre-
ceding the formation of the polymer, as well as to
the variety of technical and physical parameters in-
fluencing the reaction.!™ Therefore, to guarantee the
reproducibility of the process, constancy or exact
measurements of the process parameters are crucial.
Technical quantities such as feed gas composition,
electric power, flow of feed gas, pressure of plasma
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gas, and temperature at the substrate position may
be selected freely by the operator of the reactor.
Others, such as frequency or reactor geometry, are
fixed once a reactor system has been installed or
depend on other quantities like operating voltage.
Besides, to provide a more detailed insight into re-
action mechanisms, information about the concen-
trations or densities of reactive particles and some-
times even the knowledge of their respective energy
distribution functions is necessary. This information
may be partly obtained by utilizing the so-called
nonintrusive techniques, which do not influence or
disturb the plasma, and partly by making use of
methods which do s0.°® In this article, a description
of a straightforward self-constructed radio-fre-
quency (rf) plasma reactor system meeting most of
the above requirements is given in detail.

EXPERIMENTAL

Apparatus

The reaction chamber (Fig. 1) is assembled similar
to a plate capacitor, consisting of two parallel elec-
trode plates of polished aluminum (thickness 20
mm) separated by a cylindrical glass tube (outside
diameter 250 mm; inside diameter 232 mm; height
30 mm), in this way creating the reaction volume.
The round upper plate (diameter 250 mm) serves as
the excitation electrode and as the lid of the chamber
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Figure 1 Schematic diagram of the reaction chamber.

simultaneously; the lower, grounded plate is the
bottom of the chamber. Such a configuration gives
a rather simple, laterally almost homogeneous elec-
tric field.

Usually, plasma deposition occurs nearly every-
where on the inner surface of the reaction chamber.
Because of the homogeneity of the field, the plasma
polymer is generated in a chemically uniform way
and with constant thickness in the central part of
the chamber. Moreover, the chamber volume is the
same as the glow-discharge volume. For that reason,
all the feed gas will flow through the glow-discharge
region, thus taking up the electric energy more or
less proportionately.!®

Two rings made of Viton are used as sealings be-
tween the electrodes and the glass tube. This fluo-
rine-containing rubber exhibits low gas permeability
and high chemical resistance. Aluminum, glass, and
Viton are not corroded under the circumstances of
plasma polymerization.

The grounded electrode makes part of the reactor
housing (height 255 mm; width 350 mm and 350
mm, respectively) consisting of zinc-coated sheet
steel (thickness 1 mm) surrounding the chamber and
shielding the rf. The gas inlet and outlet are located
in the bottom side of the chamber. To achieve sym-
metric flow with regard to its central part, feed gas
is poured in via a gas distributor inside.

The substrate is fixed in the middle of the bottom
onto the ground by a flattened annular holder.
Round, disk-shaped substrates (maximum diameter
46 mm) can be coated there homogeneously, covering
an area of 40 mm in diameter.

Under the grounded electrode, a disk-shaped tube
is installed, which is run through by water, allowing
cooling of the bottom down to 0°C as well as heating
of it up to about 80°C. A bore-hole ending directly
under the middle of the bottom is driven horizontally
into the bottom plate. It contains a PT-100 electric
resistance probe measuring the temperature with an
accuracy of 0.5°C.

Plasma emissions may leave the chamber through
a round sapphire window (diameter, 25 mm) in the
lid. They are focused onto a UV-grade silica fiber
bundle by a UV-grade silica lens above the window
and led to an EP 200 Mmd spectroscope (Verity
Instruments, Dallas, TX). Provided that the width
of the entrance slit is 100 um, emissions in the range
from 185 to 920 nm can be measured with a reso-
lution of 0.4 nm. The sapphire window, showing a
transmission of 80% at 250 nm, limits the perfor-
mance of the system in the UV region.

The spectroscope supplies relative emission in-
tensities of particles participating in the plasma re-
action, in this way making it possible to monitor
the process nonintrusively. In addition to that, by
applying actinometric optical emission spectroscopy,
even relative concentrations of several reactive spe-
cies may be calculated.® !4

The reactor is operated at 27.12 MHz, which is
one of the most frequently used rf’s. Electric power
can be chosen between 0 and 200 W infinitely vari-
able by an HF 200 E generator (Dressler Hochfre-
quenztechnik GmbH, Stolberg, Germany). It has to
be applied to the excitation electrode via a metal-
braided shielded cable to prevent losses by radiation.
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Figure 2 Arrangement of tools controlling and monitoring the plasma reactor system

(vacuum system omitted).

Between the generator and the excitation elec-
trode, a II-type tuning network is inserted to match
the complex input impedance of the entire reactor
to the wave resistance (50 ohm) of the shielded cable
(Figs. 2 and 3). If input impedance and wave resis-
tance differ, power is lost to the plasma and reflected
back into the generator, which may destroy it. Cor-
rect adjustment will result in a reflected power equal
to zero.!® The power source is capacitively coupled
to the excitation electrode through a blocking ca-
pacitor joined to the tuning network as is the stan-
dard procedure in most rf plasma systems.!® The
forward power emitted by the generator and the re-
flected power can be metered with an accuracy of at
least 5% by a Thruline 4410-A Wattmeter (Bird,

generator

———

a
o

Cleveland, OH) mounted between the generator and
the tuning network.

An HM 1005 oscilloscope (Hameg, Frankfurt-
Niederrad, Germany) serves for the registration of
the rf voltage. The excitation electrode is connected
to the oscilloscope via a capacitive voltage divider
(to avoid load of the oscilloscope with high rf volt-
ages) and a metal-braided shielded cable (length
3650 mm for full signal transmission, equal to one-
half of wavelength in the conducting material) in
series. The series connection was calibrated with a
high-tension voltmeter.

The arrangement of the vacuum system is shown
in Figure 4. In the range from 0.01 to 13.3 mbar,
operating pressure is determined independently of

excitation
electrode

4 —

Figure 3 Il-type tuning network for adjustment of reactor input impedance, with blocking

capacitor.
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Figure 4 Schematic diagram of the vacuum system.

the type of gas using a CM 100 capacitive pressure
transducer (Leybold, Cologne), whereas between
107% to 1072 mbar, a Leybold Penningvac PR 32
pressure gauge working dependently on the type of
gas is utilized.

Feed gas is admitted passing through WFC 020
mass-flow controllers (Manger und Wittmann,
Garching-Hochbriick, Germany). The pertinent
Wigha 2000 electronic control unit enables choice
of gas flow from about 2 to 100 mL (STP)/min for
up to four gases at once.

During operation of the reactor, the product gas
is led through a zeolith-filled adsorption trap and
pumped with a D 6 Leybold rotary pump. The rotary
pump is filled with mineral oil which will get dirty
as a result of the plasma process and, hence, has to
be changed frequently. T'o permit adjustment of op-
erating pressure independently of gas flow and per-
formance of the pump (which depends on the type
of gas), a throttle valve is installed between the re-
actor and the pump. To evacuate the reaction
chamber, a Leybodiff 170 oil-diffusion pump of Ley-
bold may be connected in series with the rotary
pump. The oil-diffusion pump can only be used when
the plasma is not ignited. Minimum pressure in the
reactor chamber is about 1.5 X 1074 mbar.

Plasma Polymerization

To investigate their gas permeability and gas selec-
tivity, plasma polymers were deposited from C,Fg/
H, mixtures onto microporous Anodisc 47 aluminum
oxide membranes (Anotec Separations Ltd., Ban-
bury, UK) as a support. Feed gas composition was
varied using mixtures of hexafluoroethane and hy-
drogen at 30 different volume ratios between 1 : 2

to approximately 6 : 1, whereas all other process
parameters were held constant (plasma power 16.5
W; operating pressure 1.1 mbar; substrate temper-
ature 20°C; total gas flow 20 mL [STP]/min). In
each case, the polymerization time was 2 h. To carry
out actinometric optical emission spectroscopy
(AOES), small quantities of 0.75-1.5% argon were
added (see below). To remove hydrocarbons and
dust, the aluminum oxide membranes were rinsed
with tetrachloromethane before use. Results of gas
permeability and gas selectivity measurements will
be published soon.

AOES

Optical emission spectroscopy (OES) yields relative
emission intensities which are proportional to ex-
citation rates of the emitting particle or, in other
words, to relative concentrations of its excited state.
However, since the majority of particles are not ex-
cited, from the chemical viewpoint, in most cases,
relative concentrations of ground-state species will
be of much greater importance. Provided that certain
preconditions are satisfied, actinometric OES
(AOES) will produce relative ground-state concen-
trations of the species of interest. To transform ex-
cited-state into ground-state concentrations, the
relative emission intensity from the observed par-
ticle is divided by the relative emission intensity
from an inert gas (the actinometer) which is admixed
to the plasma in small amounts. This will take into
account a change in emission intensity not caused
by an actual change in species concentration, but
by a change of excitation efficiency of electrons re-
sulting from a change in electron density or electron
energy distribution function.®!%1%14



Argon (750.4 nm) and hydrogen (656.3 nm)
atomic lines!® were used to perform AOES. Both
emission lines show a similar dependency of exci-
tation cross section on electron energy (threshold
values of electronic excitation: Ar 13.47 e¢V; H 12.09
eV).!"18 Division of relative hydrogen emission in-
tensity by relative argon emission intensity will yield
relative concentrations of atomic hydrogen in its
electronic ground state.

X-ray Analysis

The content of carbon and fluorine in the plasma
polymers was determined with a Kevex Delta 5 X-
ray analyzer. Electron energy was 10 keV, corre-
sponding to an information depth of about 2 um.
The analyzed area of the sample amounted to around
100 um? For better electric conductivity, the samples
were coated with a thin carbon layer (thickness of
around 10 nm). Since the sum of element percent-
ages has never been exactly 100%, ratios of fluorine
to carbon molar content were calculated, which are
more reliable.

SEM

SEM was employed to determine the layer thickness
of the deposited plasma polymers. The aluminum
oxide membranes coated with plasma polymer were
broken and their surface of fracture being perpen-
dicular to the layer surface was micrographed. To
achieve good electric conductivity, the samples were
sputtered with gold before examination. The mea-
surements were done on a Hitachi $-2700 scanning
electron microscope. Layer thickness was divided
by deposition time (2 h) to yield the deposition rate.

RESULTS AND DISCUSSION

Reproducibility

The first reaction step of plasma polymerization of
hexafuoroethane/hydrogen mixtures'®!® produces
numerous radicals and molecules by gas-phase de-
composition of the feed and subsequent reaction of
these decomposition products with each other:

C.Fs + Hy, — e.g., CF,, CF, CH,, CH, H, F, HF
Pure hexafluoroethane does not polymerize (or at

best slowly) because atomic fluorine generated in
the plasma will etch the plasma deposition.
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Figure 5 Relative concentration of hydrogen atoms in
the plasma calculated by AOES as a function of hexa-
fluoroethane/hydrogen ratio in the feed gas. Hollow sym-
bols: single measurements; filled symbols: mean values.

In a further step, combination reactions of the
carbon-bearing radicals cause the deposition of
highly crosslinked plasma polymers containing flu-
orine and hydrogen:

e.g., CF,, CF, CH,, CH — CF,H,

Since atomic hydrogen is one of the most frequent
radicals in the gas phase and since it is probably to
be found in a steady state with the other plasma
particles, its amount in the plasma seems to be a
suitable standard to check the reproducibility of
chemical and physical plasma conditions. In Figure
5, the relative concentration of atomic hydrogen
calculated by AOES vs. the mixture ratio of the feed
gas 1s depicted. As expected, the content of atomic
hydrogen in the plasma decreases as the amount of
molecular hydrogen in the feed gas is reduced. The
single measurements show only trifling deviations
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Figure 6 Fluorine/carbon ratio from X-ray analysis of
the plasma polymers as a function of hexafluoroethane/
hydrogen ratio in the feed gas. Hollow symbols: single
measurements; filled symbols: mean values.
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Figure 7 Deposition rate of the plasma polymers de-
termined by SEM as a function of hexafluoroethane/hy-
drogen ratio in the feed gas. Deposition time: 2 h; hollow
symbols: single measurements; filled symbols: mean val-
ues.

from the mean values, demonstrating in this manner
very good reproducibility of plasma conditions.

If the chemical and physical plasma parameters
are reproducible, the same should be found out con-
cerning the composition of the plasma polymers.
Figure 6 represents the fluorine-to-carbon ratio of
the plasma deposition as established by X-ray anal-
ysis vs. the mixture ratio of the feed gas. Except for
three or four single measurements (out of 150), the
deviation from the mean values is shown to be small.

Deposition Rate

Figure 7 shows the deposition rate of plasma polymer
as stated by SEM vs. the feed gas ratio. In compar-
ison with values cited in the literature,? the depo-
sition rate is sufficiently high. The curve displays a
maximum, indicating at this point an optimum con-
centration of polymer-forming species in the plasma.

With regard to the atomic hydrogen concentra-
tion as well as to the plasma polymer F/C ratio, the
poorer reproducibility of the deposition rate is a little
surprising. These irregularities are more likely to be
due to inaccuracy of SEM measurements rather than
to actual deviations, because the plasma polymers
often exhibited a very rough surface, thus making
the determination of layer thickness fairly difficult.
Moreover, even if the values represent correct de-
position rates, for many applications (as in the pres-
ent case for gas permeability measurements), repro-
ducibility may be high enough.

SUMMARY AND CONCLUSIONS

The described plasma polymerization reactor system
displays high and easy reproducibility of results as

well as simplicity of construction. It permits control
of process parameters such as feed gas composition,
electric power, flow of feed gas, pressure of the
plasma gas, and temperature at the substrate posi-
tion. In addition to that, operating voltage can be
measured. The reactor works at 27.12 MHz, a fre-
quency often used for plasma polymerization. The
configuration of the reaction chamber is selected so
that chemical homogeneity of the produced plasma
polymer should be the best. The components of the
reactor system are resistant to the plasma polymer-
ization conditions. A spectroscope allows one to
monitor the plasma process nonintrusively on the
basis of optical plasma emissions. In some cases,
even relative concentrations of reactive plasma spe-
cies may be determined by means of AOES.

In the case of hexafluoroethane/hydrogen mix-
tures, the reproducibility of the physical and chem-
ical plasma parameters can be demonstrated by cal-
culation of the relative concentration of atomic hy-
drogen in the plasma. The reproducibility of the
composition of the plasma polymers is revealed by
X-ray analysis.

The deposition rate is sufficiently high. At first
glance, it seems to be less reproducible than the
atomic hydrogen concentration and plasma polymer
F/C ratio. On the other hand, irregularities of single
measurements are attributed more probably to dif-
ficulties in the determination of the layer thickness
by SEM than to actual deviations of the deposition
rate.
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